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Foreword 
Lead In the environment is an important hazard to human health Epidem~olo~i- 
cal and cl~n~cal stud~es conducted over the last two decades have demonstrated 
s~gn~ficant links between lead concentrations in the body and a varlety of ills 
These include impared mental development, reduced intelligence, and behavioral 
disorders In chddren, and high blood pressure, cardiovascular disease, and cancer 
In adults These effects have been found at levels of lead exposure that were 
previously considered safe 

Human exposure to environmental lead occurs through many pathways, includ- 
ing exposure to lead-based paints, lead d~ssolved in water from lead plpes, brass 
fittings, and solder joints, and lead in food from improperly glazed pottery and 
soldered cans However, the slngle most important source of human exposure to 
lead u lead aerosol formed by the combustion of lead antiknock additives in 
gasollne The el~mlnation of these additives is the most Important single step 
toward reduc~ng lead exposure and the resulting damage to public health 

Because of progress In refining technology, lead add~tives are no longer required 
to ach~eve gasollne octane spec~fications The United States has successfully 
eliminated lead from ~ t s  own gasol~ne, and the U S Government supports 
phaslng out the use of lead in gasol~ne worldw~de Among the most Important 
obstacles to promptly phaslng out lead In gasollne in many countries 1s the 
uncertanty felt by many pol~cy makers regard~ng the technical alternat~ves to 
lead, the costs and benefits of reducing or el~minating lead use, and the potent~al 
Impacts on the refinlng sector and on the vehlcle fleet In many cases, pol~tlcal 
dec~slons to el~minate lead have already been taken, but the ~mplementat~on of 
these decls~ons u Impeded by uncertainty as to how best to carry them out 

Thls Gu~de 1s ~ntended to support the worldw~de phaseout of lead In gasoline by 
prov~ding a checklist and gu~dance for government offic~als tasked w ~ t h  develop- 
ing and ~mplementlng a lead phaseout policy, and by assembling the data and 
resources these ofic~als need to carry out the~r task 
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I. OVERVIEW 
Thls Gu~de is wrltten for officials who are responsible for implementing the 
phaseout of lead addltlves m gasollne It assumes that their governments have 
already made the decislon to ellmlnate the use of lead additives, but have not yet 
determined how and when to accomplish thls 

The actlvltles described In th~s  Gulde are not necessarily sequential, they may be 
best applled simultaneously so that the output of each step 1s evaluated as a 
whole, and not solely as an Input to the next step along a crltical path For 
example, although involving key stakeholders is presented as the last actlvlty In 
the development of a lead phaseout strategy, it should not be conducted sepa- 
rately at the end of the process In fact, stakeholders need to be lnvolved at the 
outset d the phaseout plan IS to be successll 

Thls chapter provldes a summary and checklist of the issues and 
actlons to consider m developing and implementing a lead 
phaseout pollcy It also glves two examples of successful lead 
phaseout programs 

I I Why Phase Out Lead In Gasoline? 
Using lead additlves to Increase the octane ratlng of gasoline enabled the develop- 
ment of modern high-compress~on gasoline engmes But these additlves have also 
produced dangerously hlgh levels of lead aerosol (fine particles suspended In ar )  
pollutlon In citles worldwide Lead is a dangerous a r  pollutant, contributing to 
h ~ g h  blood pressure, cancer and heart disease In adults, and to reduced intelli- 
gence, behavioral disorders and lmpared development In chlldren Health risk 
assessments In clties around the world where leaded gasollne is common have 
shown that lead aerosol 1s one of the most Important causes of health damage 
due to a r  pollution Lead In gasollne also increases vehicle mantenance costs and 
reduces the life of automobile englnes 

Wlth modern refining technology, lead additives are no longer needed to meet 
gasoline octane speclficatlons High gasollne octane ratlngs can be achleved 
wlthout lead, at an incremental cost to the refiner of about US $0 005 to $0 02 
per llter These costs are less than the resulting savings in vehlcle mantenance 
costs, and far less than the health benefits of reduclng lead pollutlon Thus, there 
1s a clear economlc case for phaslng out lead addltlves as quickly as possible, and 
a strong movement toward dolng so worldw~de 
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1 2 Myths And M~sconceptlons About Lead Phaseout 
Efforts to phase out lead In gasollne have been Impeded by a number of myths 
and mlsconceptlons that have concerned both government officials and the 
public In some cases, these myths have been fostered or promoted by organiza- 
tlons with vested interests In contlnulng leaded gasollne sales Three very 
common mlsconceptlons are 

Myth 1 Older englnes requlre leaded gasohne, and will suffer damage 
~f ~t 1s not- avdable Thls was a w~despread concern In the Un~ted States 
during the 1970s and 1980s Although laboratory tests have demon- 
strated that unleaded gasollne can damage valve seats In extreme cases, ~t 
affects only a negllglble percentage of vehlcles In actual use on the road 
Where such damage occurs, lt can be repalred and further damage can be 
prevented by replacing the seats wlth hardened Inserts The use of 
unleaded gasollne reduces corroslon and extends the lives of valves, spark 
plugs, englnes, and exhaust systems Unleaded gasollne use reduces 
maintenance costs overall, as the savlngs from reduced corroslon are far 
more than the costs of the occasional cases of valve seat damage w ~ t h  
unleaded fuel 

Myth 2 Vehlcles uslng unleaded gasollne must be equlpped mth 
catalytic converters It IS true that vehicles wlth catalytic converters 
reqzlzre unleaded gasollne to prevent lead deposlts from po~sonlng the 
catalyst and bloclung exhaust flow through the converter However ~t IS 

also true that vehicles wlthout converters can successfully use unleaded 
gasollne Thus, reduclng or ellmlnatlng the lead content of gasollne will 
reduce lead emlsslons from both new and exlstlng vehlcles Exhaust 
hydrocarbon emlsslons are l~kely to decrease as well, due to the effect of 
reducing lead depos~ts In the combust~on chamber 

Myth 3 Emlsslons of toxlc hydrocarbons such as benzene could 
Increase greatly from unleaded gasollne use The changes In gasollne 
composltlon needed to meet octane speclficatlons w~thout lead may 
change the emlsslons of other pollutants For Instance the use of 
alcohols or ethers as hlgh-octane blendstocks tends to reduce hydrocar- 
bon and carbon monoxide emissions, but may ralse aldehyde emlsslons 
Increasing the fractton of benzene or other aromatlc hydrocarbons In the 
fuel - dpermitted - may lead to h~gher emissions of these compounds 
However, ~ncreased benzene emlsslons can be prevented by using such 
technolog~es as alkylat~on and isomerlzation to Increase fuel octane levels 
Instead of catalyt~c reforming, or by speclallzed processes that extract or 
chemically eliminate benzene In any event the effects of Increased 
benzene emlsslons on publlc health would be mlnor compared to the 
benefits of reduclng lead aerosol exposure 

I 1 3 How To Use Thls Guide 
The remainder of thls chapter contains a checkl~st and summary of the Issues and 
actlons to conslder In developing and ~mplementlng a lead phaseout pollcy The 
involvement of key stakeholders IS presented last among these actlons but ~ t s  
Importance cannot be overstated Because lt IS crlt~cal to a lead phaseout 
strategy's success, lt should be emphas~zed throughout the process 
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Implementers should first review the checklist, and then read the corresponding 
summaries in Section 1 4 Detaled information on each of the topic areas 
addressed in the checklist 1s presented in Chapters 2 through 11 

1 4 Summary Of Issues And Actmns To Consider In Phas- 
ing Out Lead In Gasollne 

There are ten man  issues and actions to consider in develop~n~ and implement- 
ing a lead phaseout policy Each of these topics is addressed in the subsections 
that follow 

Checklist for Phasrng Out Lead In Gasollne 

Identtfy technrcal optrons for reductng or el~mtnatrng lead 
additives (Chapter 2) 

0 Characterize present gasollne supply 
R Assess the domestic refrnlng tndustry 
R fdentlfy alternative sources of gasol~ne octane value 
R Evaluate gasollne supply scenarios 
R Assess the Impacts on gasol~ne d~srr~bution and marketing 

systems 
R Assess the costs of alternatwe strategres to the fuel supply 

sector 

Assess lead phaseout ~mpacts on the vehtcle fleet (Chapter 3) 
Ll Assess maintenance benef~ts of unleaded gasolrne 
R Assess potential for valve seat damage 
0 Assess potential valve seat protect~on strategies 
R Evaluate net costs and savrngs for the vehlde fleet 

Assess Iead phaseout effects on vehrde emlssrons and alr 
qual~ty (Chapter 4) 

0 Assess gasolrne compoat~on effects on emissions and ar qual~ty 
0 Assess need for policles affecting gasolrne composltlon 
0 Consrder vehrcle emlsslon control pollcy 

Assess the health benef~ts of lead phaseout (Chapter 5) 
D Est~mate the air qual~ty rmpacts of lead and tead alternat~ves 
O Conduct rlsk assessment for lead and lead alternat~ves 
F3 Assess the publrc health benef~ts of phasrng out lead 

Conduct economic valuation of publc health benefrts 

I Conduct a cost-benefit analysrs (Chapter 6) 
0 Identtfy alternative phaseout strategres 
R Assess net costs to publ~c and publrc health benefrts of each 

strategy 
0 Select preferred phaseout strategy 
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Choose polrcy instruments (Chapter 7) 
O ldentlfy legal authority 
O Assess available policy instruments 
0 Evaluate '"fit" between strategy and tnstruments 
O Select "bestv' comblnatron of ~nstruments 

Mon~tor comphance (Chapter 8) 
D ldentlfy monitoring needs 
O Identlfy legal author~ty/requrrements for monrtor~ng gasollne 

composrt~on 
O Identlfy instrtutional and physical requ~rements for mon~tortng 
Q ldentify responstbllit~es for monttorkng and enforcement 
0 Plan gasoline monltor~ng and enforcement program 
D Implement gasoltne monrtorrng and enforcement program 
0 ldentrfy and prosecute vrolators 
Q Follow up to ensure that monttor~ng and enforcement are effective 

Conduct followup evaluatron and reporting (Chapter 9) 
D Mon~tor trends rn ambtent lead and other arr pollutants 
O Monitor trends In human exposure to lead 
O Evaluate the effectlveness of the phaseout program 
O Identify the cause of any problems found 
0 Comrnun~cate results to the publrc, polit~crans, and legal authori- 

ties 

Conduct publrc educatfon (Chapter 10) 
Q Deflne publlc education goals 
II] Develop public educat~on strategy 
Cl Identify potentral communrcation media 
0 Assrgn responsibll~t~es for communrcation and publlc educatron 
O Follow up to assess effect~veness of the commun~catron program 
O Begrn public education actmttes 

Ensure public consultation and rnvolvernent (Chapter 11) 
P ldent~fy stakeholders 
O ldenttfy strategy for stakeholder tnvolvement 
0 Comrnun~cate risk assessment and benef~t est~mates 
O Commun~cate/consult on alternative phaseout strategies 
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1 4 1 Idenufylng Technical Optlons For Reduc~ng O r  Eliminating 
Lead Addmves 

Lead additives typically improve the octane ratlng of gasoline by about 6 to 12 
octane numbers, depending on the amount of lead added and the octane response 
of the base fuel To reduce or eliminate the use of these additives, it is necessary 
to find other ways to attain gasoline octane specifications 

Some Options For Makmg Up Octane Shortfall 
When Lead Is Reduced Or  Ehmmated 

Near-term options These include blending gasoline with such 
h~gh-octane components as blending gasoline with methyl 
tertiary-butyl ether (MTBE), ethanol, alkylate, or murtures of 
aromatic compounds Some countries have also used the 
manganese-based octane enhancer MMT (however, please see 
EPA's cautions about MMT in Section 2 6) 

Longer-term options Here, the most econom~cal approach is 
usually to add new refinery process units to convert the low- 
octane straght-cham paraffins In crude 011 to higher-octane 
hydrocarbon types such as branched-chain paraffins, 
naphthenes, and aromatlc compounds 

GrtsoIzne supply The first step in ~dentlfjling optlons for malung up the octane 
shortfall is to characterize the exlstlng gasollne supply Thls includes the volume 
of gasollne consumed and m projected growth, and the sources of supply It 1s 
also necessary to ~dent~fjl the octane value, the p a r a n ,  olefin, naphthene, and 
aromatlc (PONA) content, and the lead content of gasollne from each source 
Alternative sources of gasollne supply should also be ~dentlfied 

R&nzng zndusty The second step 1s to assess the capabllities of the domest~c 
refining industry, if one exlsts Thls would include its installed capacity, process 
unlts, octane production capability, the overall condlt~on and economics of each 
refinery, and ~ t s  technical and financial capabllities to invest in the construction 

of new process units This assessment should be carried out in consultation with 
the industry involved, and may requlre the assistance of specialist consultants 

Octane valuesources After characterizing gasoline supplies and the local refining 
Industry, ~mplementers are now ready to quantify the shortfall In the "octane 
pool" that would result from reducing or eliminating lead Once this is done, 
they should identie additional sources of octane value available to make up this 
shortfall, as well as the costs and Investment needed per "octane-barrel" for each 
source The minimum tlme required to provide addit~onal octane from each 
source should also be identified 

Supply scenarzos Once potential octane sources are identified, various combina- 
tions of sources can be assembled to make up the octane shortfall under different 
lead phaseout schedules 

IMPLEMENJER'S GUIDE T O  PHASING OUT LEAD IN GASOLINE 5 



Impact assessment D~fferent lead phaseout strategies may mean different 
requirements and costs for transporting and d~str~butlng gasoline 
blendstocks and fin~shed gasoline Changes in the volume of Imported 
gasol~ne and blendstocks may affect port and plpeline capacities, and possl- 
bly requlre addit~onal investment to overcome bottlenecks S~mllarly, 
changes In the number of gasol~ne grades, or in the sales volume of different 
grades may affect d~stribut~on and marketing costs 

Cost assessment The circumstances of a country wlll determine whlch spec~fic 
lead phaseout schedules and strategies are to be assessed For each scenarlo 
assessed, the ~mplementer should character~ze the costs, Investment requlrements, 
and the reduction in lead emissions over tlme To ensure that all of the optlons 
are considered, the scenarios evaluated should Include at least the two extreme 
cases 

W A very qulck phaseout In SIX months or less, wlth the octane shortfall made 
up by Imported blendstocks 

W A very slow phaseout over three to five years, In whlch lead concentratlons 
would gradually be reduced as new refinery process unlts come on l ~ n e  

1 4 2 Assesslng Lead Phaseout Impacts On The Veh~cle Fleet 
Mazntenance bene$ts assessment To assess the maintenance benefits of unleaded 
gasol~ne, the implementer should quantify how often such malntenance as spark 
plug changes, 011 changes, valve repalrs, valve seat repalrs, and exhaust system 
replacements must take place and thelr costs The change in these malntenance 
requlrements can then be estimated using the information in Chapter 3 

Kzlveseat assessment The ~mplementer should also assess the potent~al for some 
engines to suffer valve seat damage from uslng unleaded gasollne and the costs of 
potent~al valve seat protection strategies d these are lnd~cated 

Cost/savzngs evalzmtzon Here, the implementer should calculate and evaluate the 
resulting net benefits or costs to the vehicle fleet as functions of time for each of 
the lead phaseout scenarios cons~dered, in order to compare them with the other 
costs and benefits 

1 4 3 Assesslng Lead Phaseout Effects On Vehlcle Emlss~ons And &r 

Q d t y  
Gasolzne composzhon ejj5ects assessment Phaslng out lead will ental changes in 
gasoline composltlon, and these changes will affect the emissions of lead and 
other pollutants from gasollne vehlcles For instance raising the aromatlc 
hydrocarbon content of gasoline may Increase emlsslons of benzene and other 
aromatics In exhaust and evaporative emissions Changes In gasol~ne composltlon 
may also affect the photochemical reactivity of volatlle organic compound 
(VOC) emissions, and thus affect the format~on of ground-level ozone (photo- 
chemical smog) In a number of cases, ~ub11c concerns over these secondary 
effects have delayed lead phaseout programs 

It is thus important to assess and quantlfy the potent~al secondary effects of lead 
phaseout on emissions and alr qual~ty The assessment should be Included as part 

6 IMPLEMENTER S GUIDE TO PHASING OUT LEAD IN GASOLINE 



of the phaseout plan, and - where necessary - measures should be taken to 
mltlgate any adverse Impacts Such measures m~ght Include settlng l~mlts on or 
taxing the benzene, aromatic, and/or olefin content of fuels, and limlting vapor 
pressure to mlnimize evaporatlve emissions (see Chapter 4) 

Polzcy assessment Lead phaseout also prov~des an opportunity to assess the need 
for policies affecting gasoline composltlon Thls would include a more general 
revlew of emiss~on control policies for veh~cles and fuels, such as the adoption of 
catalyt~c converters and/or evaporative emlsslon controls, and limlts on gasollne 
sulhr content To the extent that such pollcles w11 mean changes In e~ther the 
composition or the market shares of d~fferent fuels, they will affect Investment 
plans In the refining and he1 distribution sectors To avoid waste and confus~on, 
it is best that they be adopted as an integrated package wlth the lead phaseout 
policy, rather than In p~ecemeal fash~on 

1 4 4 Assessmg T h e  Health Benefits Of Lead Phaseout 

Lead exposure mk and health bem@ts assessments To assess the health benefits of 
reducing or eliminating lead emlsslons, the implementer should ~deally know 
how the distribut~on of lead wncentratlons m amb~ent a r  and in human blood 
will change m response to changes In gasoline lead concentrations Gwen thls 
information, dose-response relat~onsh~ps derlved from epidem~olog~cal data can 
be used to estimate the change In the rnadence of high blood pressure, Impacts 
on children's health, card~ovascular illness, and other health outcomes due to a 
gven lead phaseout scenarlo Detailed data and calculatron examples are given In 
Chapter 5 

Econornzc valuatzun In comparing the health benefits with the costs of reduclng 
lead In gasoline, ~t 1s often useful to express the health benefits in monetary 
terms The value to soclety of prevent~ng a case of lead-related Illness or prema- 
ture death can be est~mated based on treatment costs, lost productmty, and 
people's w~lhngness to pay to reduce the rrsk of premature death and other 
adverse consequences If the decis~on has already been made to phase out lead, 
the best use of wst-benefit analys~s u to compare and evaluate the costs and 
benefits of d~fferent optlons for phaseout Chapter 5 describes some of the bases 
for dweloplng such estimates 

1 4 5 Conducting A Cost-Benefit Analysis 
Selecting a strategy should take into account the costs and benefits of the 
different alternatives, and such cons~derat~ons as technical and polltical feasibil~t~, 
the legal basls for the strategy, equlty among different soclal sectors, and accept- 
ability to polltlcal decls~on makers and to the publlc 

Strategy whntzficatson, assessment, and selectton F~rst, the implementer should 
Identify a number of alternative phaseout strategies Then, the strategies should 
be assessed to determine whlch of them are technically feasible, legally viable, 
equitable, and acceptable to dec~slon makers and the public From these, he or 
she should select the one w ~ t h  the greatest net benefits The evaluation and 
select~on processes are discussed In more detail in Chapter 6 
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1 4 6 Chooslng Pohcy Instruments 
One goal of this Gulde is to provide tools to help the lmplementer carry out the 
approprlate lead phaseout strategy for h ~ s  or her country Any one of these tools 
may be useful to a part~cular country, but not all of them wlll be useful to all 
countries 

The potential policy Instruments for implement~ng a lead phaseout strategy 
Include regulatory "command-and-controy measures and market-based lncen- 
tlves Examples of command-and-control measures Include limitlng the maxlmum 
lead content of gasoline and proh~bltlng imports of lead additives Examples of 
market-based zncentzves m~ght include a tax on lead add~tive imports, or on the 
lead content of gasollne sold Where legally feas~ble, market-based measures are 

preferable, as the~r flexiblllty reduces the chance that a regulatory 
mistake would dlsrupt the gasollne market, and may allow a faster phaseout 
overall 

Legalazlthorzty and znstruments In chooslng policy Instruments, the 
lmplementer should first ident~fy the legal author~ty or author~t~es available as a 
basis for such lnstruments, and then assess the types of Instruments legally 
permissible under that author~ty For example, governments often have the 
author~ty to limit or p roh~b~t  toxlc substance emissions, but may require new 
legislat~on In order to change tax rates on fuel 

Strateafit and znstruments selectton The implementer should also assess the 
compatlbll~ty between the strategy chosen and the instruments avalable to 
Implement it He or she should then select the best comblnat~on of Instruments, 
cons~derln~ the~r effectiveness, costs and benefits, tlming, flex~bdity, and pol~t~cal 
acceptance 

1 4 7 Mon~tonng Compliance 
Sampllng and checks to confirm that the gasollne sold compl~es with the lead 
llmlts and quality spec~ficat~ons In effect are Integral parts of the lead phaseout 
strategy To guard agalnst adulterat~on or smuggling, gasol~ne samples should be 
collected for analysis at retall servlce stations, as well as at the refinery and/or the 
port of lmportatlon Chapter 8 gives deta~ls on the sampling and analytical 
procedures for lead, gasollne octane, and gasoline properties and composltlon 

Need zdelztz$catzon In developing t h ~ s  portlon of the lead phaseout strategy, the 
lmplementer should identify the monltorlng requirements These would Include 
the number of samples and the types of locations to be sampled to ensure 
adequate coverage 

Authorzty and responszbzlztzes zdentzficatzon The ~mplementer should ldentlfy the 
legal authority that wlll monltor fuel composition, lncludlng any ongolng 
monltorlng efforts 

Physzcaland znstztutz~nalmonztortn~ reqzlzrernents z&ntz$catzon The 
lmplementer should then ldent~fy the equlpment and personnel requlred for the 
monltorlng program, the lnstltutlonal respons~bil~t~es of these personnel, and the 
sources of financ~ng for any new equlpment or personnel needed 
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Enforcement program planntng and zmplementatzon, and prosecutzng 
vtohtors Based on the information developed, the implementer should work 
with the organizations responslble for enforcement to prepare a detaled plan 
for the enforcement program and obtan any necessary authorizations or 
approvals The agency responslble should then Implement the plan, which 
should include provisions for identify~n~ and prosecuting individuals who 
are violating the lead phasedown requirements 

Followup Once the program is underway, the implementer should follow up to 
confirm that monitorlng is being done according to the plan 

1 4 8 Conducung Followup Evaluauon And Repor~ng 
Followup monitoring and evaluation are needed to ensure that the lead phaseout 
program achleves ~ t s  goals, and to demonstrate to decision makers and the public 
that these goals have been achieved 

Trends monttorzng In addition to monitoring changes In the lead content of 
gasoline, implementers should assess the changes in concentrations of lead and 
other pollutants in ambient a r  and changes in the distribut~on of blood lead 
concentrations among the exposed population, particularly chlldren Chapter 9 
gives more information on monitoring and measurement techniques 

Program efectzveness andcommuntcatzons In most cases, the followup evalua- 
tion will demonstrate that lead concentratlons in air and in human blood have 
declined significantly This information should be communicated to declsion 
makers and the publlc in order to man tan  thelr support for the phaseout 
program Should the monitorlng show that lead concentrations in either the a r  
or the exposed population have not declined as expected, it may mchcate that 
other sources of lead exist and need to be identified 

1 4 9 Conducung Pubhc Educauon 
Goah deJinztzon An effectlve public education program will help assure public 
support for the lead phaseout policy The program goals ("the message") should 
include 

Malung the public aware of the health and developmental problems caused 
by exposure to lead, and the Importance of gasoline additives as the main 
source of lead in the environment 

Counteracting myths by provichng accurate information about the ability of 
older vehicles to use unleaded gasollne and the mantenance benefits of 
reducing or eliminating lead 

Providing for effective dissemination and consultation about the overall lead 
phaseout strategy 

Strategy, nzedza, and responszbzlztzes zdenttficatzon Specific strategies should be 
designed to meet the program's goals and be targeted to speclfic audiences The 
implementer should also Identify appropriate communication medla and asslgn 
responsibil~ties for communication and public education to the appropriate 
organization 
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Program followup Durlng and after the publlc educat~on process followup 
stud~es should be conducted These should assess the efforts effectiveness and 
determine whether further publlc educatlon efforts are required 

1 4 10 E n s u r ~ n g  P u b l ~ c  Consultation And Involvement 

The type and amount of publlc consultation and involvement needed In develop- 
lng a lead phaseout strategy will vary depending on a country's lnstitut~onal 
arrangements and practices As a general rule, active consultat~on with the 
busmesses and organlzatlons affected by the lead phaseout IS important In 
reduclng oppos~t~on and guardlng against unforeseen consequences Consultation 
w ~ t h  public health and envlronmental organlzatlons, and w ~ t h  concerned mem- 
bers of the publlc will generally help galn thelr support of the lead phaseout 
program 

Stakeholder zdentzficatzon Effect~ve public consultat~on should begin by ~ d e n t ~ h -  
lng the stakeholders the ind~viduals and organlzatlons whose Interests w~ll  be 
affected These Include oil refiners and importers, retall servlce statlon owners 
and operators veh~cle owners and the~r  representatives, publ~c health officials and 
the medlcal profession, parents, educators, and env~ronmental organlzatlons 

Stratea zdenttjfcatzon andcommzmzcanons Implementers should define a 
strategy for communlcatlng wlth stakeholders, and for lnvolvlng them In the 
decisions on the lead phaseout through such means as publ~c workshops T h ~ s  
strategy should be closely llnked to the public education strategy d~scussed In 

Sect~on 1 4 9, to ensure that a consistent and effective message IS communicated 
Equally important, ~mplementers should pay careful attention to the questions 

and object~ons that surface during the publlc consultat~on process In some cases, 
these may only ~nd~ca te  a need for more effective public educatlon, but they wlll 
often ldentlfy real problems that must be addressed in the program's des~gn 
During meetlngs wlth stakeholders, lmplementers should communicate the 
results of r~sk  assessments, benefit estimates and alternative phaseout strateves 

1 5 Examples of Successful Lead Phaseouts 

1 5 1 Unlted States 

In the 1970s, average lead concentratlons measured In U S clties often far 
exceeded EPA's average alr quality standard of 1 5 pg/m3 (today, lt IS recogn~zed 
that even this standard does not adequately protect human health) The manda- 
tory sale of unleaded gasol~ne was introduced In 1974 In order to meet the needs 
of cars equ~pped with catalytic converters At that time leaded gasollne con- 
tamed an average of 2 4 grams of lead per gallon (0 63 glllter), and average blood 
lead concentratlons among chlldren In major clties were around 20 ~ g l d l  (tw~ce 

i the level now considered to warrant medical act~on) 

Through a phased program, the allowable lead concentratlon In leaded gasoline 
was reduced to I 1 gram per @on (0 29 gll) by 1982 Thls program also 
introduced the tradlng of lead r~ghts between refineries so that a refinery that 
was able to produce gasoline contalnlng less than 1 1 gram per gallon could sell 
the excess "lead rights" to another refinery that needed them In 1984, a major 
cost-benefit evaluation (Schultz et a1 1985) concluded that the benefits of 
further reduclng lead use In gasoline greatly outwe~ghed the costs and that 
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allowable lead concentrations should be reduced to a mlnlmurn as qwckly as 
possible The allowable lead concentration was reduced to 0 5 gram per gallon In 
July 1985 and to 0 1 gram per gallon (0 026 gll) on January 1,1986 The 
allowable concentration was retaned at this level until sales of leaded gasollne 
were finally banned In 1995 

Durlng the same perlod, emisslons of lead from other sources were also reduced, 
as was the use of lead solder In cans Steps were also taken to reduce human 
exposure to lead in drlnlung water Figure 1 shows the resulung changes In 
nationw~de lead emisslons and In average blood lead content as measured In 
nationw~de health stules Lead emissions to the atmosphere have been virtually 
eliminated In the Unlted States, and average blood lead concentrations have been 
reduced more than 85 percent, to 2 3 pgldl Today, the maln sources of human 
exposure to lead in the United States are the legacy of past use lead pant  and 
water pipes in old buildings, and lead-contaminated soil near roadways and 
industrial sites 

F~gure 1 Lead Emlss~ons And Average Blood Lead Content 
In The Un~ted States, 1970-1 995 

Year 

1 5 2 Mexlco Clty1 

Measured lead concentrations in Mexlco Clty's a r  have fallen more than 98 
percent m the last 10 years, despite Increasing gasoline consumption This has 
been a result of gadual reductions in the lead content of leaded gasolme, as well 
as the introduction and Increasing use of unleaded gasoline The reduction in lead 
content began In 1986, when a new specificat~on of 0 5-1 0 ml of tetraethyl lead 
(TEL)/gallon was established, replacing the prevlous limit of 3 5 ml TELlgal(1 
ml TEL contans approximately 1 gram of lead) The standard was then succes- 
sively reduced to 0 3 to 0 54 ml in 1991,O 2-0 3 ml in 1992, and 0 2-0 1 ml/ 
gallon in 1994 As a result of these increasingly stringent standards, lead emis- 
slons from gasollne decreased untll they were practically ehminated, as shown in 
Figure 2 
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F~gure 2 Use Of Lead In Gasollne In The \/alley Of Mex~co, 1988-1998 

1400 r 

" 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 

Year 

Unleaded gasollne was Introduced In Mexlco In September 1990 m order to 
accommodate the new vehlcle emtsslon standards adopted natlonw~de In 199 1 
These requlred the lntroduct~on of catalytlc converters In new vehlcles Unleaded 
gasoline sales in the Valley of Mexico Increased as the catalyst-equ~pped vehlcle 
fleet grew - especially after a change in tax structure In 1992, whlch brought the 
prlces of leaded and unleaded gasoline closer together In 1995, the Mex~can 
government announced ~ t s  commitment to phase out leaded gasoline by the year 
2000 This goal was ach~eved by the end of 1997 Slnce then, only unleaded - 
gasoline has been d~strlbuted In Mexico 

Reduclng the lead content In leaded gasollne and the lntroductlon of unleaded 
gasollne have been part of a comprehensive gasollne reformulatlon process 
Intended to Improve alr quallty by reducing toxlc and ozone-formlng compo- 
nents T h ~ s  reformulatlon process required a serles of refinery improvement 
projects, including continuous catalytlc reforming plants, lsomerizatlon plants, 
and plants for the production of methyl tertiary butyl ether (MTBE) and tertiary 
amyl methyl ether, as well as the addit~on of alkylatlon plants 

Figure 3 illustrates the evolut~on of airborne lead concentratlons, from 1988 to 
1998, for three representatlve statlons of the h r  Quallty Mon~torlng Network 
In the late 1980s, lead levels peaked to more than 6 pg/m3, and exceeded the 1 5 
pglm3 three-month average standard throughout Mexlco Clty With the reduc- 
tlons In fuel lead content, atmospheric lead concentratlons gradually decreased to 
very low levels throughout the urban area The corresponding trend In average 
blood lead concentratlons IS shown In Figure 4 These concentrations have 
decreased dramatically, from about 16 p/dl In 1988 to about 6 p/dl today 

TheXalostoc sratlon 1s located in an industrial area that IS north and upwlnd of the urban area Merced statlon 1s 
located downtown In the rn~ddle of an actlve cornrnerclal area The Pedregal statlon 1s s~ted downw~nd In a 
res~dent~al area 
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F~gure 3 Alrborne Lead Concentrat~ons In The Valley Of Mex~co, I 
r3"" #$C?pqjT c m - "  > L Ll. !. " a:- 
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F~gure 4 Average Blood Lead Content In Mex~co Clty, 1977-1997 

o !  I 
1977 1990 1991 1992 1993 1994 1995 1996 1997 

Year 
Source Mex~can lnstltute of Publ~c Health and Amerlcan Brit~sh Cowdray Hosp~tal 
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The effects of lead on health and the impact of atmospherlc lead levels have been 
extensively studled in Mexico (Pardon and Martinez, 1998) Some investigations 

made In the 1980s demonstrated impacts on we~ght at blrth, I Q  reduction and 
neurolog~cal and metabolic disorders related to lead A costlbenefit estimation of 
the reduction In arborne lead levels and health was made In 1993 (GIEE 1993) 
According to that analysis, the total cost of lead content reduction and the use of 
unleaded gasoline was estimated at $717 mlllion The benefits for health and 
vehlcle maintenance Improvement were calculated at around $1,740 million 
Therefore, the net benefit was estlmated at $1,022 mllllon 

Cost estimates ~nduded technology changes at refinenes consumer costs for uslng unleaded gasohne and costs 
for ~ntroduc~ng catalyuc converters m new cars 
Benefit esumates cons~dered m e d a l  treatment costs spec~al educauon costs prwenuon of death from heart 
dsease reducuons m lost work and school days etc 
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2. IDENTIFYING TECHNICAL OPTIONS 
FOR REDUCING OR ELIMINATING 
LEAD ADDITIVES 

Lead is added to gasollne to improve knock resistance, as measured by the 
gasolme's octane ratlng Lead addltlves can be reduced or eliminated by employ- 
ing other means to attrun gasollne octane specifications A number of options are 
avalable to achieve increased octane levels wlthout lead These optlons can be 
broadly categorized as 

4 Purchasing high-octane gasoline components and blendlng them into low- 
octane fuel 

Upgrading and addlng refinery equipment to produce hlgher-octane gasoline 
components 

Uslng octane-enhancing additives based on substances other than lead 

Lead additives typically Improve the octane rating by about 6 to 12 octane 
numbers, depending on the amount of lead added and the octane response of the 
base fuel The technical optlons for malung up the octane shortfall due to 
reduclng or eliminating lead Include 

Near term These Include blending gasoline wlth oxygenates such as ethanol 
and methyl tertiary-butyl ether (MTBE), blending wlth hlgh-octane 
hydrocarbon components such as alkylate and benzene-toluene-xylene (BTX) 
blends, and using the manganese-based octane-enhancer MMT 

4 Longer term The most economical way to Increase octane is usually to add 
new refinery process unlts to convert low-octane hydrocarbons such as 
straight-cham pardlh into hlgher-octane hydrocarbon types such as 
branched-chain paraffins, naphthenes, and aromatic compounds 

This chapter helps implementers to evaluate the physlcal and 
chemical optlons avalable for reducing or eliminating lead 
addltlves in gasoline, while mantamlng octane levels It 
discusses 

Octane ratings worldwide 

The blending octane values attalned with a number of 
gasollne components 

The relatlonshlp between lead concentrations and octane 
levels 

4 The octane producing capab~lltles of various refinery types 

The sources, volumes and prices of the oxygenates blended 
in gasoline and thelr impacts 

The properties and performance of the antl-knock additlve 
MMT 

Conslderatlons in developing a lead phaseout strategy 
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1 1  , , ! I  , 2 1 , , k  -i I I The Steps In ldent~fylng Techn~cal Opt~ons 

1 Characterize the current gasoline supply 
To ldentlfy the optlons for makrng up the octane shortfall by reduclng or 
ellmlnatlng lead, one should flrst characterize the exlstlng gasollne 
supply Thls Includes the volume of gasollne consumed and ~ t s  pro- 
jected growth, and sources of supply It IS also necessary to Identify 
the octane value, the paraffin, olefin, naphthene, and aromatlc (PONA) 
content and the lead content of gasollne from each source Alternative 
sources of gasoline supply should also be ldentlfled and characterized 
where posslble 

2 Assess the domestic refining ~ndustry 
If there is a domestlc reflnlng Industry, ~ t s  capabilities should be 
assessed These Include the installed capaclty process units already in 
place, octane production capablllty, the overall condition and economics 
of each reflnery, and its technical and flnanclal capabllltles to ~nvest In 
the construction of new process unlts Thls assessment should be 
carrled out In consultation wlth the Industry ~nvolved, and may requlre 
the assstance of speclalist consultants 

3 Identify alternative sources of gasoline octane value 
Havlng characterized gasollne supplles and the local reflnlng Industry, 
lmplementers can now quantlfy the shortfall In the "octane pool" that 
would result from reduclng or elimlnatlng lead Once thls is done, they 
should identify the sources of additional octane value available to make 
up thls shortfall as well as the costs and investment requirements per 
"octane-barrel" for each source The minlmum time required to provlde 
addltlonal octane from each source should also be ldentlfled Different 
comblnatlons of sources can then be assembled to make up the octane 
shortfall under dlfferent lead phaseout schedules 

4 Evaluate gasoline supply scenarios 
Once potentlal octane sources are ldentlfled, various comblnatlons of 
sources can be assembled to make up the octane shortfall under 
dlfferent lead phaseout schedules 

5 Assess the impacts on gasol~ne distribution and marketing 
systems 

The requirements and costs for transporting and dlstrlbutlng gasollne 
blendstocks and flnrshed gasoline may vary under dlfferent lead phase 
out strategles Changes In the volume of Imported gasoline and 
blendstocks may affect port and plpellne capacltles and posslbly 
requlre addltlonal Investment to overcome bottlenecks Similarly, 
changes In the number or sales volume of dlfferent gasollne grades 
may affect distribution and marketing costs 

6 Assess the costs of alternative strategies to the fuel supply 
sector 

The speclfic lead phaseout schedules and strategles to be assessed 
will depend on each country's circumstances For each scenario, the 
implementer should characterize the costs Investment requirements, 
and the reduction in lead emlsslons over tlme To ensure that the full 
range of optlons IS considered the scenarios evaluated should Include 
at least the two extreme cases a very qulck phaseout in SIX months or 
less, wlth the octane shortfall made up by Imported blendstocks, and a 
very slow phaseout In three to flve years In whlch lead concentrat~ons 
would gradually be reduced as new reflnery process unlts come on line 
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2 1 Knock And Octane Raung 
Definztzons The octane number of a fuel is a measure of its resistance to detona- 
tion and "knoclung" in a spark-ignit~on engine Knock reduces engine power 
output, and severe or prolonged knock will likely result in damage to the pistons 
and/or overheating of the engine The tendency for a fuel to knock increases with 
increasing englne compression ratio Higher-octane fuels are more resistant to 
knoclung, and can thus be used in engines with higher compression ratios This 
is deslrable, as higher compression ratios result in better thermodynamic efi- 
clency and power output Englnes designed for use with high-octane fuels can 
thus ~roduce more power and have lower fuel consumption than engines de- 
signed for lower-octane fuels For a given engine design, however, there is no 
advantage in using a higher-octane fuel than what the engine requires 

Measurrng Octane Number 

The octane number is measured by two standard tests - the 
research and motor octane tests The results of these tests are 
expressed as either the research octane number (RON) or the 
motor octane number (MON) of the fuel Both tests involve 
comparing the antiknock performance of the fuel to that of a 
mixture of iso-octane and n-heptane, with the "octane number" 
being defined as the percentage of iso-octane in the octane/ 
heptane mixture that gives the same antiknock performance as 
the fuel under test For fuels wlth octane numbers above 100, 
mlxtures of iso-octane and tetra-ethyl lead are used to extend 
the octane scale to 130 

The research and motor tests differ in detal the research test 
reflects primarily low-speed, relatively mild drlving, while the 
motor test reflects h~gh-speed, high-severity dnving Most fuels 
have a higher RON than MON In the United States and parts 
of Latin America, gasoline antiknock ratings are expressed as the 
average of RON and MON, denoted by (R+M)/2 Elsewhere, 
the RON 1s typically the value quoted, but specifications l im~t 
the minimum MON value as well 

Kbypeople buy hzgh-octanegasolzne In many countries, gasoline vendors have 
sought to associate h ~ g h  octane ratings with "quality" in the public mind, 
allowing them to charge much higher marglns for "premium" gasoline, thus 
increasing their profits The public may buy this "premium" gasoline in the belief 
that they will reduce their veh~cle's mantenance costs or improve its reliability 
Except for a few veh~cles that requzre higher-octane gasoline (generally high- 
performance and luxury models), the extra money spent on higher-octane grades 
provides little or no benefit, while the extra lead and/or aromatic compounds 
that may be used to achiwe the higher octane rating contribute to environmental 
degradauon 

Spenficatzons forgasolzne octane ratzngand leadcontent amongsome of the mazn 
autornobzle-produczng countrtes and regtons As Table 1 shows, the two m a n  
unleaded gasoline grades are an unleaded "regular" grade with typical RON and 

Engrnes deslgned for 
use wrth hrgh-octane 
fuels can produce 
more power and 
consume less fuel than 
engrnes desrgned for 
lower-octane fuels 

Except for a few 
vehicles that require 
hrgher-octane gasol~ne, 
the extra money spent 
on hrgher-octane grades 
provldes lrttle or no 
benefrt 
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M O N  values of 91 and 82 (corresponding to the U S (R+M)/2 speclficatlon of 
87), and an unleaded 'prem~um" gade  w ~ t h  typical RON and MON values of 95 
and 85 respect~vely Most cars produced or sold In North Arnerlca since 1975 
have been des~gned to use unleaded regular fuel whlle most cars produ~ed or sold 
111 Europe In the last decade have been deslgned to use unleaded premlum 

Table 1 World S p e c ~ f ~ c a t ~ o n s  For Gasollne 
Octane Rat~ng And Lead Content 

CountrylGrade 

European Un~on 
Unleaded super 
Unleaded premlum 
Leaded premlum 

Un~ted States 
Regular 
Mid grade 
Premlum 

Tha~land 
Premlum 
Regular 

Proposed Lat~n Amerrcal 
Car~bbean Harmon~zed Standard 
Regular 

1 Premrum 

Max Lead* 

(g Pbllt) 

Octane Rat~ng 

87 
89 

91 95 

Japan 
Prem~um 
Regular 

South Korea 
Unleaded 

Most countries allow a tolerance of up to 0 01 3 grams of lead per llter to account for posslble 
cross contamlnatlon by leaded gasollne Actual lead concentrations are normally well below th~s 
level and often below detection llmlts 

Sources Owen and Coley (1 995) ESMAP (1 998) 

MON RON 

82 

96 
89 

91 

2 2 Hydrocarbon Classlficatlons And Octane Values 

I I 

(R+M)/2 

0 0 
0 0 
0 0 

The octane ratlng of a glven gasol~ne blend IS determined by 

83 

The hydrocarbon composltlon of the fuel 

0 0 
0 0 

0 0 

The content ofh~gh-octane non-hydrocarbon blendstocks such as ethers and 
alcohols 

The amount of antknock add~tlves used, ~f any 

Because of non-l~near~t~es and lnteractlons between d~fferent gasollne compo- 
nents, the effect of addlng a glven component to a glven gasollne blend may not 
be strlctly proport~onal to the octane value of the pure component For thls 
reason, refiners have defined "blending octane values for d~fferent compounds 
that reflect thelr effects when blended Into typ~cal gasollnes 
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Refiners have defrned 
"blendrng" octane 
values for drfferent 
compounds that reflect 
their effects when 
blended rnto typlcal 
gasol~nes 

Bhdzng octane values Table 2 gives blending octane values for a number of 
typical gasoline components As this table shows, straght-chain "normal" 
paraffinic hydrocarbons have low octane values, while branched-chan 
isoparaffins, olefins, naphthenes, and aromatic hydrocarbons have higher octane 
values Oxygenated compounds such as alcohols and ethers also have very hlgh 
blending octane values 

"Straght run" gasoline d~stilled from typical crude oils has a high percentage of 
normal paraffins, and thus tends to have relatively low octane value Typical 
RON values for straght-run gasoline are in the range of 60 to 75 A major focus 
of modern refining technology is to improve the octane value of the hydrocar- 
bons that are eventually blended into gasoline by converting them from normal 
paraffins to higher-octane aromatics, naphthenes, olefins, and ~soparafhs 

Table 2 Blendlng Octane Values Of Some Typical 
Hydrocarbons And Gasollne Components 
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MON 

22 
0 
15 

76 
100 

126 
109 

91 
112 
1 03 
1 27 

141 
97 

99 104 
100 106 
90 98 
96-1 04 
98-1 05 
98-1 03 
95-1 04 

Normal Paraff~ns 
n Hexane 
n Heptane 
n Octane 

isoparafflns 
2 3 D~methylhexane 
2 2 4 Tr~methylpentane (ISO octane) 

Olef~ns (Alkenes) 
1 Butene 
1 Pentene 

Aromatics 
Benzene 
Methylbenzene (toluene) 
1 2 Dlmethylbenzene (o xylene) 
1 4 Dlmethylbenzene (p xylene) 

Naphthenes (Cycloalkanes) 
Cyclopentane 
Cyclohexane 

Oxygenates 
Methanol 
Ethanol 
Tert~ary butanol 
MethanolflBA (50150) 
Methyl tert~ary butyl ether (MTBE) 
Tert~ary amyl methyl ether (TAME) 
Ethyl tert~ary butyl ether (ETBE) 

Source Owen and Coley (1995) 

RON 

19 
0 
19 

71 
100 

144 
119 

99 
1 24 
1 20 
1 46 

141 
110 

127 136 
120 135 
104 110 
115 123 
115 123 
111 116 
110 119 



Wlth the development 
of advanced refining 
technolog~es, ~t 1s now 
possrble to achleve 
h~gh octane ratrngs 
wrthout the use of 
lead 

2 3 Properties Of Tetraethyl Lead 
Tetraethyl lead (TEL) has been used to reduce the knoclung tendencies of 
gasoline since 1922 Before advanced refinlng technology was developed, the 
antiknock properties TEL imparted to gasol~ne enabled the development of 
efficient, h~gh-compression gasollne engines By adding approx~matel~ O 8 to 1 O 
gram of lead per h e r  to stra~ght-run gasollne, the octane ratlng can be ralsed to 
around 85 RON The first h~gher-octane gasolines were produced in thls way, 
and many of the smaller and older refiner~es In develop~ng countries are st111 
configured in thls manner 

Wlth the development of advanced refining technolog~es, it 1s now possible to 
ach~eve h ~ g h  octane ratlngs wlthout the use of lead Where permitted by law, 
however, lead additives are still the cheapest means of producing high-octane 
gasol~ne 

The rekzttonshzp between lead concentratton and octane tncrease As Flgure 5 
shows the octane boost due to lead typically varies both with the lead content 
and w ~ t h  the octane value of the base fuel The octane increase resulting from a 
glven amount of lead 1s greater for low-octane regular gasoline than for higher- 
octane premlum fuel T h ~ s  Increase also varles wlth the amount of lead already In 
the fuel The first O 1 glliter of lead additwe glves the largest octane boost, w ~ t h  
subsequent Increases In lead concentratlon giving progressively smaller returns 
Thts non-lznear relatzonshzp between lead addztzon and octane tncrease has ve y 
zmportant tmplzcatzons for a leadphaseout smtegy 

F~gure 5 Octane Enhancement Vs Lead Concentrat~on 
For SomeTyp~cal Gasollnes 

0 0 2 0 4 0 6  0 8  

Grams of leadll~ter 
Der~ved from NPRA Paper AM 79 46 

Source Abt (1 996) 

If refinery octane capaclty IS Iim~ted, the quickest and most econom~cal way to 
reduce lead emlsslons will generally be to reduce the lead content of exlstlng 
leaded gasoline grades as much as poss~ble, rather than to encourage refiners and 
vehicle owners to swltch from leaded to unleaded fuel The non-hear relat~on- 
s h ~ p  between lead and octane means that less lead is required to produce two 
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liters of low-lead gasoline than to produce one liter of high-lead gasoline and one 
liter of unleaded with the same octane value 

TEL addztzvepackage In order to prevent excessive buildup of lead deposits in 
the engine, TEL is normally sold and blended into gasoline in combination with 
a mlxture of ethylene dbromlde and ethylene dichlorlde, this mlxture is known 
as "motor mlx ' The bromine and chlorine atoms comblne with lead in the 
combustion chamber to form lead bromide and chloride, limiting the buildup of 
lead oxlde on the combustion chamber walls 

TEL is extremely toxic and (unlike inorganic lead compounds) is readily ab- 
sorbed through the slun, m h n g  it dangerous to handle Both ethylene 
dibromide and ethylene dichloride have been identified as possible carcinogens, 

as has inorganic lead 

2 4 Petroleum Refinlng And Gasoline Supply 
Gasoline is produced by refining crude oil as a co-product with other oil prod- 
ucts such as liquefied petroleum gas (LPG), kerosene, jet fuel, diesel fuel, fuel 
ods, lubr~cating oils, and feedstocks for the petrochemical industry Gasollne and 
dlesel fuels comprise a large percentage (between 30 and 70 percent) of the 
products from most refinerles Because of lncreaslng demand for gasollne and 
diesel fuels compared to other products, and increasingly stringent environmental 
requirements for gasollne and dlesel quality, the refining Industry has had to 
undergo an Important transition In technology and product slate 

Crude oil contans a wide range of hydrocarbons, organometall~cs and other 
compounds contaning sulfur, nurogen, etc It varies In chemld cornposltlon, 
from 011 field to oil field, and also with tlme wlthin a glven oil field The 
hydrocarbons (HCs) In crude oil are as simple as CH, (methane) or as complex 
as C,,H,,, with each of these compounds hav~ng ~ t s  own boiling temperature A 
refinery will distill crude 011 into varlous fract~ons and, depending on the deslred 
final products, will further process and blend those fractions Wlth gasollne 
malung up only a fraction of the constituent hydrocarbons In crude oil, a refinery 
must either sell the remander as marketable products or convert the larger 
molecules into smaller gasollne molecules 

2 4 1 Different Refinery Types And Capabditles 
Petroleum refinerles vary greatly In size and complexity, depending on the level 
and sophisticat~on of the physical and chemical processes they perform One 
commonly used classification dlvides refineries Into three groups topping 
refineries (the simplest), hydroslumming refinerles, and "complex" refineries 

Topptng r&nety The initial processing step In all petroleum refinerles is the 
separation of crude oil by distillation into a varlety of process streams with 
different boiling ranges (Figure 6) In a topping refinery, these "straght run" 
process streams receive minimal further processing (e g , to remove impurities 
such as sulfur) before being blended into final products Topping refineries do 
not include process units designed to increase the octane of the "straight-run' 
gasoline they produce, and must therefore rely on the use of lead addtives or 
other blending components such as oxygenates in order to meet octane specifica- 
tions 
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I F~gure 6 Dlstrllat~on Of Crude 011 
Although many older 
refineries were orlglnally 
bu~lt  as topping refiner~es, 
most of these have slnce 
been upgraded to 
hydroslumm~ng or complex 
types The few remalnlng 
topplng refiner~es are mostly 
small unlts serving isolated 
markets In developing 
countries 

Hydroskzzmmzng refinery A 
343 427" C - Heavy gas 011 

hydroslumm~ng refinery 1s 
slmllar to a topping refinery, 

' except that lt ~ncludes one or > 427" C - Stralght run res~due 

more catalytic reformer 
unlts As d~scussed In Sect~on 2 4 2, the catalytic reformers convert some of the 

< 32" C - Butane and llghter 

low-octane paraffin~c components in "straight run" gasollne Into h~gher-octane 
aromatics and naphrhenes T h ~ s  operation produces excess hydrogen, which 1s 
often used for hydrotreatlng the jet and d~esel fuel streams to remove sulfur and 
Improve combustion quality Othenvlse, lt may be burned as fuel Flgure 7 
shows a slmpllfied process diagram for a typical hydroshmmlng refinery 

1 

z 
I 
3 
0 
0 
z 
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5 
t 
P n 

Topplng and hydroslumm~ng refiner~es have llttle flexiblllty to change the 
proportion of crude 011 Input that goes to d~fferent products The relative 
amounts of gasohne, jet fuel, dlesel, and fuel oil produced are determined 
pr~marily by the hydrocarbon composltlon of the crude 011 A crude 011 wlth a 
high percentage of llght hydrocarbons w~ll make ~t poss~ble to produce more 
gasoline and diesel fuel, while a heav~er crude oil will result In greater production 
of heavy he1 011 In the last two decades, the demand for (and hence the value 
of) "wh~te" products such as gasol~ne and dlesel fuel has Increased more than that 
for "black" products such as fuel 011 As electrical generation ~ncreaslngly shlfts 
from 011-fired steam turb~nes to natural gas-fired combined-cycle plants, thls 
trend 1s likely to contlnue 

32 104 C - Llght naphtha 

104 157 C - Heavy naphtha 

157 232 C - Kerosene 

232 343" C - Llght gas 011 

I Flgure 7 Slmpllf~ed Process Dlagram For A Hydrosklmmlng Reflnery 

I Reflnery Gas 

Crude 
011 

Catalytic Reformer 1 cata~, ~eformate 7 { 1 [ - H a  I 
Hydrotreater w KeroseneIJet 

I Gay Hydrotreater 1 + Autodlesel 

Fuel 

I b Heavy Gas 011 

I Reslduum 
b Fuel 011 
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Complex or 'konverszon" refnenes These refineries are distinguished from 
topplng and hydroslumm~ng refineries by possessing one or more process units 
Intended to convert low-value res~dual products Into hlgher-value products such 
as gasoline and diesel he1 The most common conversion unlt is a fluid catalyt~c 
cracker (FCC) Thls process unit heats the heavy gas oils produced by vacuum 
dist~llation of the resldual od in the presence of a catalyst, causing the large 
hydrocarbon molecules present in these oils to "crack" into smaller molecules 
The result~ng product is h ~ g h  In naphthenes, aromatics, and olefins, and thus has 
a relat~vel~ high octane value This process also produces a s~gnlficant amount of 
hght olefins (propene and butenes) These can be used in subsequent process 
unlts to produce high-octane species such as alkylate and ethers Flgure 8 shows a 
process cGagram for a typ~cal deep conversion refinery 

F~gure 8 Process D~agram Of A Deep Conversion Reflnery 

Source Abt (1 996) 
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Hydrocrackzng, a related process, is carrled out in the presence of excess hydro- 
gen, and thus tends to produce less In the way of unsaturated aromatics and 
olefins T h ~ s  process IS becomlng lncteaslngly popular, however, because ~t 
produces very hlgh-grade, low-sulfur dlesel and jet fuels The gasoline-range 
 tod duct ~roduced by the hydrocracker IS often further processed by catal~tlc 
reforming to increase its octane rating 

The reslduum left after the vacuum dlstillat~on of crude oil IS a heavy, tarry 
substance that must be heated In order to be pumped, and whlch contalns much 
of the sulfur and metallic contaminants found In the crude oil This residual 011 
can be used as fuel In power plants and marlne vessels As env~ronmental concerns 
have shlfted fuel demand for electrlc generatlon from 011 to low-sulfur natural gas 
for power generatlon, however, an lncreaslng number of refinet~es have adopted 
"deep converszon"techn~ques such as thermal craclung or colung to crack thls 
residual material as well 

2 4 2 Pr~nc~pal Process Streams Used In Gasol~ne 
In a modern refinery, a number of process streams are blended together to form 
the gasoline "pool " Table 3 lists some of these, along wlth the corresponding 
octane numbers In the slmplest case, a topplng refinery, the gasollne pool 
comprises llght naphtha, heavy naphtha, and enough butane to brlng the vapor 
pressure of the resulting product up to specification In a hydroshmming 
refinery, the heavy naphtha IS sent to the catalytic reformer, producing reformate 
to be blended into the gasollne pool Wlthin some I~mlts, the octane value of the 
reformate can be varied by increasing or decreasing the severity of reforming 
More severe reform~ng glves a hlgher octane ratlng, but a lower gasollne yleld 
Table 4 shows typical feed and product composition for a catalytic reformer 
Catalyst manufacturers are continually worhng to Improve the efficiency and 
octane y~elds of catalytic reformers 
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Table 3 Typ~cal Octane Values For Some Process 
Streams Used In Gasollne Blendlng 

Blending Component 

Butane 
Stra~ght run llght naphtha 
Stra~ght run heavy naphtha 
Catalyt~c reformate 
Alkylate 
Pen hex  somer rate 
Cat cracked gasollne 
Coker gasol~ne 
L~ght hydrocrackate 
Heavy hydrocrackate 

RON 

93 
66 
62 

94-1 00 
97 

84-89 
92 
85 
75 
79 

MON 

92 
62 
59 

84-88 
96 

81 87 
n 
77 
74 
76 



Source Leff ler (1 984) 

Table 4 Typ~cal Feed and Product Composltlon 
for a Catalyt~c Reformer 

Light straght-run naphtha includes a large percentage of n-pentane and n-hexane, 
compounds with very low octane values The octane value of this stream can be 
ra~sed considerably by processing it in a pentane-hexane isomerlzation unit to 
convert these straight-cham paraffins to thelr branched-cham equivalents The 
resulting isomerate can vary from 84 to 89 RON, depending on the process 
configuration 

HydmcarbonType 

Paraff~ns 
Olef~ns 
Naphthenes 
Arornat~cs 

Gasoline-range hydrocarbons from catalytic or thermal craclung (cohng) are rich 
in aromatics, naphthenes, and olefins, and thus have relatively high RON values 
The gasoline-range products of hydrocraclung are much lower in aromatics and 
olefins, and thus have lower RON, but good MON, values 

Catalyt~c crachng and deep conversion processes also produce significant 
quantities of light olefins such as butenes and propene In a process called 
alkylation, these compounds are reacted with isobutane to form ~ s o p a r ~ n s  
contaming seven or eight carbon atoms The resulting alkylate has an extremely 
high RON and MON, malung it very valuable in meeting octane specifications 
Isobutene and isoarnylene can also be reacted with methanol in an ether~fication 
unit to form MTBE and TAME (tertiary amyl methyl ether), respectively 

%Volume 

Unlike olefins and aromatic compounds, the   so paraffins in alkylate and 
isomerate are not considered highly toxlc or carcinogenic, and have low reactivity 
in the formation of photochemical smog Thus, these compounds are especially 
desirable for producing cleaner-burning "reformulated gasoline 

Feed 

50 
0 
40 
10 

2 4 3 Examples Of Refinery Upgrades To Produce Unleaded Gasolrne 
The worldwide demand for petroleum products has shifted strongly toward 
unleaded gasoline and low-sulfur, high-cetane diesel fuel, and away from "black" 
products such as heavy fuel oil In response, many refineries are Installing 
additional process units to upgrade the clear octane rating of gasoline in order to 
do without lead, and to convert an Increasing fraction of low-value residual oil 
into hlgh-value products such as gasol~ne and diesel 

Product 

35 
0 
10 
55 

Slovak Republzc The upgrade of the Slovnaft refinery in the Slovak Republic 
over the last decade (Lovei, 1997) is a typical example of the upgrading process 
Orig~nally configured as a hydroshmm~ng refinery, the Slovnaft refinery was 
upgraded in several stages The first stage was to increase the severity of catalytic 
reforming, malung poss~ble a reduction in gasoline lead content from O 7 to O 4 
grams per llter Blending MTBE and adjusting the d~stillation process made it 

Many refrnerres are 
rnstallrng addrtronal 
process unrts to  
upgrade the clear 
octane ratlng of 
gasolrne rn order to  
do  wrthout lead 
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posslble to reduce lead further to 0 25 gram per gallon In the second stage, a 
hydrocracker was added to convert part of the crude residue to gasollne and 
diesel fuel stocks Reform~ng the hydrocracked gasol~ne stream made it possible 
to reduce the lead content of 96 RON he1 to 0 15 gtgallon, and at the same 
time to ~ntroduce unleaded gasollne at 95 RON In the third stage, an uomenza- 
tion unlt was added as well, making ~t poss~ble to el~m~nate lead completely 
Figure 9 shows how the Slovnaft refinery evolved d u r q  thls period 

Flgure 9 Evolutron Of The Slovnaft Ref~nery, Slovak Republ~c 
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Source Love1 (1 997) I 
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Brazrl has successfully 
blended 22 percent 
ethanol In gasolrne for 
many years, thus com- 
pletely elrmrnatrng the 
use of lead addrtrves 
whrle requrrrng Irttle rn 
the way of refrnery 
process equrpment to  
Increase gasolrne 
octane 

Russza Many Russ~an refineries are being updated to be able to produce unleaded 
gasoline, both to meet Russian lead phasedown targets and for export The Perm 
refinery, opened in 1958 and located In the North Urals region, provides an 
example This refinery is one of the largest In Russ~a wlth a crude oil capacity of 
300,000 barrels per day The first step Implemented was to replace the catalyst in 
the largest of the four existing catalyt~c reformers with an improved catalyst 
provlded by UOP This and related operational changes increased the octane 
value of the reformate from 9 1 to 99 5, while nearly doubling the cycle time 
between catalyst regenerations Two other catalytic reformers were subsequently 
shifted to use the new catalyst type (Shuverov et al , 1997) At the same time, 
the crude dist~llation unlts were revamped, and a vacuum distlllat~on unit was 
installed to recover additional heavy gas oil from the residue from the crude 
distillation units 

The next steps at the Perm refinery will include a hydrocrachng unit to break 
down the heavy gas oil into lighter products in the gasoline and diesel he1 
ranges, revamp the exlsting catalyt~c cracking unlt, make further upgrades to the 
catalytic reformers, and install a dl-uopropyl ether plant The cost of these 
changes is est~mated at US $340 m ~ l l ~ o n  (Rudin 1998) A later set of upgrades is 
planned to Include another hydrocracker for the vacuum distillation res~due and 
an alkylation unlt to increase gasoline octane capacity These and related changes 
are expect to cost $290 m ~ l l ~ o n  

Another Russian refinery going through the upgrading process is Sibneft's Omsk 
refinery in S~ber~a  This refinery IS increasing octane capaclty by constructing a 
sulfuric acid alkylatlon unlt wlth 8,600 barrels per day capaclty, and a 
semlregenerative catalytic reforming unlt capable of processing 25,000 barrels per 
day The project is est~mated to cost $55 mdlion, and will be completed In 2000 

Perszan Ghlf Many refineries in the Persian Gulf are also belng upgraded to meet 
market demands for unleaded gasoline and lower fuel oil product~on A good 
example is the Sitra refinery in Bahraln The refinery plans to cut fuel oil produc- 
tlon by more that half, from 26-27 percent of total product output to 10-12 
percent, while increasing gasollne product~on by the same amount The proposed 
upgrade includes replacing four atmospher~c d~stillation unlts with a single 
15,000 barrel per day unit, a 7,500 barrel per day LPG recovery unit, an 18,000 
barrel per day catalytic reformer, a 750 barrel per day MTBE unit, and a 4,600 
barrel per day alkylation unlt The project IS expected to cost about $600 
mlll~on 

2 5 Oxygenates As Gasollne Blendlng Components 
Several oxygenated compounds are commonly used as high-octane blending 
components for gasoline They Include methyl tertiary butyl ether (MTBE), 
tertiary amyl methyl ether (TAME), dl-isopropyl ether (DIPE), and ethanol 
(ethyl or grain alcohol) Of these, MTBE and ethanol account for by far the 
largest shares MTBE 1s tvpicallv blended wlth gasollne at levels up to 15 percent 
by volume, whlle ethanol is blended up to 10 percent by volume in the United 
States Brad has successfully blended 22 percent ethanol In gasoline for many 
years, thus completely el~minating the use of lead add~tives while requlrlng little 
In the way of refinery process equipment to increase gasoline octane 
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In the past, methanol (methyl or wood alcohol) was also blended with gasoline to 
some extent, comblned with tertlary butyl alcohol as a cosolvent Such use is no 
longer common, however, due to economic cons~derations 

In addition to increasing octane, the blending of gasohne wlth oxygen-containing 
compounds such as ethanol and the ethers helps to reduce carbon monox~de and 
hydrocarbon emissions from vehicles using the fuel This effect is greatest for 
vehicles wlthout emission control systems, and relatively small for modern 
vehicles equipped w t h  closed-loop control of the ar-fuel ratio To take advan- 
tage of this effect, U S spec~fications for reformulated gasoline require at least 2 
percent oxygen by weight, and 2 7 percent in winter months, when CO emis- 
sions tend to be highest 

As Table 2 shows, the blending RON of MTBE is about 11 5 to 123 Thus, 
blending 15 percent MTBE into gasollne having a base RON of 87 will result in 
a blend with RON in the range of 91 to 92 an increase of four to five octane 
numbers, or the equivalent of O 1 to O 15 g/hter of lead Similarly, the blending 
octane value for ethanol is 120 to 135, so that a 10 percent blend of ethanol 
with 87 RON gasoline will give a RON of 90 to 92 for the blend 

At current prices, MTBE is cons~derably cheaper than ethanol Most of the 
reformulated gasoline sold in the United States thus contains MTBE, except 
where state tax subsidies encourage ethanol blending MTBE is also very w~dely 
blended into gasollne In Mexico, Egypt, Thailand, Argentina, and other coun- 
tries MTBE use has recently become controversial in the United States, how- 
ever, due to concerns over ground and surface water contamination 

2 5 1 Sources, Supply Volumes, And Pr~ces 
MTBE 1s produced by reacting isobutene (2 methyl propene) and methanol in 
the presence of a catalyst The isobutene may be obtained from a refinery but 
more commonly IS produced In a stand-alone plant by the dehydrogenation of 
  so butane extracted from natural gas Methanol, the other feedstock, is usually 
produced by the partial oxidation of methane from natural gas Methanol can 
also be reacted with ~soamylene (2 methyl butene) to produce TAME, and 
ethanol can be reacted with isobutene to produce ETBE using the same process 
unit, thus providing some flexibility in feedstock selection (Meyers, 1996) 

Due to the worldwide phaseout of leaded gasoline and the increasing demand for 
clean-burning "reformulated" gasoline, demand and production capaclty for 
MTBE and other ethers have been growing rapidly over the last two decades In 
1997, there were 172 MTBE plants in operation worldwide, wlth a total 
production capaclty of 502,000 barrels per day (80,000 m3/day), and 20 TAME 
plants with a combined capacity of 46,000 barrels per day (7,300 m3/day) 
(Saunders, 1997) Another 76 oxygenate plants were planned or under construc- 
tion at that tlme If all of these plants were completed, they would add another 
337,000 barrels per day to world MTBE capacity by 2000, significantly exceed- 
ing the projected demand of 582,000 barrels per day 

Market prices for MTBE and methanol have historically been h~ghly volatile, due 
to a combinat~on of low short-term elasticity of supply and unpred~ctable 
fluctuations in demand For example, September 1998 MTBE prlces of US $2 15 
to $230 per metrlc ton were 25 percent less than those prevailing one year 

Although MTBE IS 

cons~derably cheaper 
than ethanol at current 
prrces, ~ t s  use has 
become con trovers~al 
due to  concerns over 
ground and sutface 
water cor~tamrnat~on 
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The leaner arr-fuel 
mrxture produced by 
the addrtron of 
oxygenates to  gasolrne 
helps reduce CO and 
HC emrssrons, whrle 
NOx emrssrons may 
rncrease slrghtly 

earller, and more than 40 percent below the peak prlces of over $355 per ton 
reached In 1992 and 1994 The prlce of methanol on the world market has 
fluctuated even more dramatically, from around US $0 25lgallon In the early 
1980s to $0 60-0 70 in the late 1980s, to as much as $1 80 In 1994, and then to 
$0 30 per gallon In summer 1998 The lower prlces reflect the effects of a glut, 
while the higher values reflect shortages 

Ethanol IS produced prlmarlly by the fermentation of starch from grams or sugar 
from sugar cane As a result, the productlon of ethanol for fuel 1s In direct 
competition with food product~on In most countries The resulting h ~ g h  price of 
ethanol (ranging from $1 00 to $1 60 per gallon In the Un~ted States in the last 
few years) has effectively ruled out its use In motor fuel except where (as in Brazil 
and the Unlted States) ~t is heavily subsidized New developments in the fermen- 
tation of cellulos~c b~omass offer some potential for lower-cost production of 
ethanol In the future, but thls technology has not yet been demonstrated in a 

2 5 2 Impact On Vehlcles 
Corroszon and materzals compatzbzlzty Blends of MTBE and other ethers In 
gasollne have been used successfully for many years in several countries, including 
the United States No problems with materials compatlb~llt~ or corroslon have 
been Identified In either the vehlcle or fuel distribution system There have been 
some reports of corroslon problems w ~ t h  alcohol blends (Owen and Coley, 
1995) However, analyses of the available data by EPA (1985) indicate that 
alcohol mixtures did not result In corrosion or damage to fuel system elastomers 
when the base gasollnes were blended properly and typical corrosion lnhlbltors 
were used In practice, the widespread addltion of ethanol to gaolme has not 
created significant problems In the Unlted States or Brazil 

Leaner azr-fie2 rnuctures Unless the fuel system 1s adjusted to compensate for the 
oxygen content, the use of oxygenatelgasoline blends results In a somewhat leaner 
mixture than would result from an all-hydrocarbon fuel This is the major source 
of the emisslon reductions experienced wlth the use of oxygenates, and usually 
presents no performance problems If a vehlcle were adjusted wlth the a~r-fuel 
ratio already near the lean Ilmit, however, the additional enleanment due to the 
oxygenate could cause performance problems 

Fueland energy consumptzon Because oxygenated gasollnes contain less energy 
per unit volume than gasollnes without oxygen, the volumetr~c fuel consumptlon 
(liters per 100 km) may increase by a few percent uslng oxygenated fuel Specific 
energy consumptlon usually improves slightly, however, due to the overall leaner 
mlxture 

I 2 5 3 Impact On Pollutant Ernrsslons 
Carbon monoxzde and hydrocarbons Assumlng no change in the settings of the 
fuel meterlng system the additlon of oxygenates to gasoline will result In a leaner 
a~r-fuel mixture, thus helplng to reduce exhaust C O  and H C  emissions This 
approach has been made mandatory In a number of locallties suffering from hlgh 
wintertime CO emissions (CO emlsslons are highest at low temperatures, with - 
low tr&c speeds, and at hlgh altitude ) 
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Oxzdes of nztrogen Recently a test program that studied the impact of ethanol 
and MTBE on NOY emlssions attracted considerable attention when lt stated 
that, although HC and CO emlssions are reduced by the use of oxygenates, NOx 
emlssions may lncrease slightly by the leaner operation (see the Auto/Od lZlr 
Quality Improvement Research Program, AQIW, 1992) EPA studied this issue 
carefully and reached a different conclusion from the AQIW study In developing 
the Agency s own highly complex model, EPA concluded that NOx emissions are 
not significantly affected by the addition of oxygen to the fuel These data were 
based on more than 4,000 ~ndlvidual vehicle tests of 1990 technology vehicles 
and on many test programs 

Moreover, the use of oxygenates In a real-world refining situation typically results 
In slgnlficant decreases in olefins and sulfur as well as aromatics, due to both 
simple dilution and to octane considerations This, EPA found, results in 
significant NOx decreases, especially in vehicles with catalysts 

Research results The Auto1011 h r  Quality Improvement Research Program 
(AQIRF') study in the United States tested the effects of adding 10 percent 
ethanol (3 5 wt percent oxygen) and 15 percent MTBE (2 7 wt percent 
oxygen) to industry average gasoline For late-model gasoline vehlcles wlth three- 
way catalysts, the ethanol addition results showed a net decrease in non-methane 
hydrocarbon (NMHC) and CO emissions of 5 9 percent and 13 4 percent, 
respectively, and a net increase In NO, emissions of 5 1 percent The MTBE 
addition results showed net decreases in NMHC and CO of 7 0 percent and 9 3 
percent, respectively, and a net lncrease in NO, emissions of 3 6 percent 
(Hochhauser and others, 1991) In tests performed In Mexico City, the additlon 
of 5 percent MTBE to leaded gasoline was found to produce a 14 7 percent 
reduction In CO and an 11 6 percent reduction in HC emissions from non- 
catalyst gasoline vehicles 

Manddtzng the use of oxygenates to reduce emzsszons The State of Colorado 
(USA) Initiated a program to mandate the addltion of oxygenates (such as 
ethanol and MTBE) to gasoline In the Denver metropolltan area durlng winter 
months when high ambient CO tends to occur The mandatory oxygen requre- 
ment for the wlnter of 1988 (January to March) was 1 5 percent by weight, 
equivalent to about 8 percent MTBE For the following years, the minimum 
oxygen content required was 2 percent by welght, equivalent to 11 percent 
MTBE These oxygen requirements were estimated to reduce CO exhaust 
emlssions by 24-34 percent in vehicles already fitted with three-way catalyst 
systems The success of this program led the U S Congress to mandate the use 
of oxygenated fuels (mlnlmum 2 7 percent oxygen by weight) in areas with 
serious winter-tlme CO problems 

Evaporatzve emzsszons Although exhaust HC emissions tend to be lower wlth 
oxygenate blended fuels, the use of alcohols as blending agents may increase 
evaporative emlssions considerably Because of their non-ideal behavlor In 
solution, blends of ethanol or methanol with gasoline have higher vapor pressure 
than either component alone 

However, although mass HC emissions may lncrease from a hlgher Reid vapor 
pressure (RVP) caused by the use of ethanol, data indicate that the ozone-causing 

Tests rn Mexrco Crty 
found that addrng 5 
percent MTBE to 
leaded gasolrne 
produces reductrons In 
CO and HC emlssrons 
from non-catalyst 
gasolrne veh~cles 

The U S Congress has 
mandated the use of 
oxygenated fuels rn 
areas wlth senous 
w~nter-trme carbon 
monoxrde problems 
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reactlvlty of the r e su l t~n~  emlssions is less, thus resulting In no real ozone 
degradat~on 

Effects of oxygenates The presence of oxygenates In the fuel changes the hydrocar- 
bon composltlon of the exhaust and evaporatlve emlsslons For gasollne contaln- 
ing 11 percent MTBE, exhaust MTBE emlsslons account for about 2 5 percent 
of total exhaust VOC emlsslons, and 8 to 10 percent of total evaporatlve 
emlssions (Californ~a EPA, 1998) Formaldehyde emlsslons also tend to increase 
wlth MTBE, wh~le emlssions of benzene and 1,3 butad~ene are reduced slgnlfi- 
cantly The use of ethanol in gasoline increases ethanol and acetaldehyde emls- 
sons, wh~le also reducing emissions of benzene and 1,3 butad~ene 

2 5 4 Impact On Soil, Groundwater, And Surface Waters 
Unl~ke most hydrocarbons, both alcohols and ethers d~ssolve read~ly in water 
Thus, where sp~lled gasol~ne comes In contact w ~ t h  water, the oxygenate can be 
expected to mlgrate from the gasoline Into the water T h ~ s  presents llttle problem 
In the case of the alcohols, as these have been shown to b~odegrade falrly rap~dly 
In the case of MTBE and other ethers, however thls degradat~on appears to be 
slower, if ~t occurs at all 

Sot1 Gasoline contalnlng oxygenates IS no more hazardous than ordinary gasol~ne 
when spllled on or leaked Into soil Indeed, because these oxygenates tend to 
replace more hazardous compounds such as benzene or TEL, spllls of oxygenated 
gasollne will generally be less hazardous In addlt~on, alcohols In soil tend to 
b~odegrade rapidly 

Groundwater In a number of cases, lealung underground tanks contalnlng 
MTBE-gasol~ne blends have resulted In the contarnlnation of goundwater w ~ t h  
MTBE Although the level of health r~sk posed by t h ~ s  contamlnatlon appears to 
be small, the taste and odor of MTBE can be detected In water at concentrations 
as low as 50 parts per blll~on (ppb) The current EPA Drinhng Water Advisory 
level for MTBE IS 20 to 40 ppb, based on the taste and odor thresholds, and a 
10,000-fold safety factor below the lowest observed adverse effect level in an~mals 
(Cal~fornia EPA, 1398) 

Su@ce waters MTBE contarnlnatlon of surface waters has also been detected on 
occasion as a result of fuel sp~lls Into the water body The use of two-stroke 
gasollne englnes In outboard motors and personal watercraft has also contr~buted 
to contamlnation In some cases These englnes emlt as much as 50 percent of the 
total fuel they consume In then exhaust, which 1s Injected Into the water So far, 
the levels of surface water contarnlnation due to thls source have all been found 
to be well below the EPA advisory levels (Cal~fornia EPA, 1998) However, 
concerns about the potential for w~despread contamlnatlon of d r ~ n h n g  water 
sources wlth MTBE have led to calls for the use of MTBE In gasoline to be 
banned In Cal~forn~a 
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2 5 5 Health hsks Associated mth MTBE -i - - ' i  I - 
Chron~c lnhalat~on stud~es in an~mals suggest that MTBE may be weakly 
carclnogenlc, wlth an estimated unlt risk of 7 5 x 10 for mouse llver tumors 
and 1 7 x 10 ' for rat ludney tumors For comparison, unlt risk values for 
benzene and 1,3 butadlene - two other toxlc a r  contaminants associated wlth 
gasollne - are 8 3 x 10 and 2 8 x lo", respectively 

An analys~s by the Cal~fornla A r  Resources Board found that overall toxic r~sk 
from uslng reformulated gasollne contalnlng MTBE was reduced by more than 
40 percent compared to that to be expected from industry-average gasoline 
w~thout MTBE (Callforn~a EPA, 1998) 

2 6 MMT Properues And Performance 
The only non-lead anuknock addltive now offered commercially 1s 
methylcyclopentadlenyl manganese trlcarbonyl (MMT) Its manufacturer recom- 
mends the use of MMT concentratlons up to 0 0165 grams of Mn (manganese) 
per l~ter In gasollne Intended for non-catalyst vehicles, and half thls concentration 
In gasollne Intended for catalyst cars At the 0 0165 gram per llter concentration, 
~t adds about 1 9 octane numbers to gasollne In the Unlted States, MMT 
concentratlons are l ~ m ~ t e d  to O 00825 gram per l~ter to protect emisslon corltrol 
systems 

The use of MMT as an octane-enhanc~ng addltlve In gasollne 1s controversial, 
due to concerns over m posslble effects on automotive emlsslon control systems, 
and over the toxlclty of the resultlrig manganese emlsslons Durlng the 1980s, 
when lead concentratlons In U S gasollne were severely limited, MMT was used 
extenslvely to Improve the octane ratlng of leaded gasollne MMT was also used 
extenslvely In both leaded and unleaded gasollnes In Canada 

MMT was not permitted In unleaded gasollne sold In the Unlted States until 
1996, when EPA lost a lawsult filed by the manufacturer, Ethyl Corporation, 
after rejecting the company's appllcat~on to approve MMT for unleaded gasoline 
use EPA's disapproval was due to uncertanty over the potential toxlc effects of 
manganese emlsslons In ~ t s  1994 rejection of Ethyl's petltlon to approve MMT, 
EPA concluded that "Although z t  zs notposszble based on thepresent znfomzatzon to 
conclzlde whether speczjc adverse health effects wzll be assoczated wzth 
manganese [exposures resultrngfiom the use ofMMT/ nezther zs ztposszble to 
conclude that adverse health effects wzll not be assoczated wzth such exposures "5  Auto 
manufacturers had also opposed the approval of MMT, argulng that it could 
lmpar the effect~veness of veh~cle emlsslon control systems EPA concluded In its 
evaluat~on, however, that this was not the case 

With the U S court decision, and another decislon In Canada overturning a ban 
on lnterprovlnclal trade In MMT, it can legally be used In unleaded gasoline In 
both the United States and Canada EPA's admlnlstrator has stated, however, 
that a definltlve r~sk evaluat~on 1s not poss~ble untll more data are collected, and 
that use of MMT In unleaded gasolme in the Un~ted States ought to be delayed 
untll such data are collected (Browner, 1996) In determining the adv~sabillty of 
MMT use, or the use of any fuel or fuel addltive, in any particular country or 

In Cal~fornra, concerns 
about the potentral for 
wrdespread contamrn- 
atron o f  drrnkrng water 
sources w ~ t h  MTBE has 
led t o  calls t o  ban the 
use of  MTBE rn 
gasolrne 
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The trme requ~red to 
phase out lead rn 
gasolrne has ranged 
from a few months 
(e g , Egypt) to  more 
than 15 years (the 
Unrted States) 

regional setting an assessment of health r~sk  ought to be taken Into cons~der- 
atlon 

2 7 Lead Phaseout Strategies 
Slow us fastphaseout Different countries have taken d~fferent approaches to 
phas~ng out lead In gasol~ne, and have pursued very d~fferent schedules The time 

requlred to phase out lead has var~ed from per~ods of more than 15 years In the 
Un~ted States to a few months In Egypt In general, a slower phaseout schedule 
will reduce the costs of the lead phaseout to the refining Industry, and glve more 
time for any old cars that m~ght  suffer valve seat damage to retire from the fleet 
However, ~t also means that more people are exposed to high lead concentratlons 
for a longer tlme, and thus suffer from the adverse effects of lead on the~r health 
(and In the case of children, their mental development) In add~tion, veh~cle 
malntenance costs tend to be hlgher wlth leaded than w ~ t h  unleaded gasoline, so 
that cont1nulng the production of leaded fuel will mean higher malntenance 
costs 

Conszderznga range ofscenarzos Because the costs and benefits of rap~d vs slow 
lead phaseout will vary from one country to another, implementers should 
cons~der a range of phaseout scenarios, includ~ng very rap~d and less rap~d 
reduct~ons In the short term, the feasible reduct~on In lead use is l~kely to be 
llmlted by the refin~ng capaclty available It may take three to five years to 
deslgn, finance, and upgrade or build the refinery process unlts required to 
produce high-octane unleaded blending components In the meantime, some of 
the octane shortfall may be recovered by Importing oxygenates such as MTBE, 
h~gh-octane hydrocarbon blendstocks, or unleaded gasol~ne 

EPA recommends that lead phaseout be accomplished as quickly as poss~ble 
There are two maln reasons for t h ~ s  F~rst lead polsonlng 1s one of the most 
Important preventable d~seases assoc~ated with urban~zat~on Although lead In 
gasol~ne represents only 2 2 percent of total global lead use ~t remalns by far the 
s~ngle-largest source of lead exposure In urban areas Approximately 90 percent 
of all lead emissions Into the atmosphere are due to the use of leaded gdsol~ne 
Second and most Important, some of the health effects associated w ~ t h  lead 
pouonlng, such as lowered I Q  in ch~ldren, cannot be reversed no matter how 
high the future investment 

Managzng the transttzon to unleadedgasolzne Although lt IS sometimes possible 
to el~m~nate leaded gasol~ne overn~ght, more commonly some transltlon per~od IS 

requ~red Two approaches have been taken to managlng thls transltlon One 
approach has been to encourage refiners and vehlcle owners to swltch from leaded 
to unleaded fuel, wlthout changing the lead content of leaded fuel T h ~ s  approach 
has been typ~cal of Western Europe The second approach followed In the 
Un~ted States and Mex~co, has been to reduce the lead content of the leaded 
gasoline as qulcMy as poss~ble, wh~le provldlng enough completely unleaded 
gasol~ne to meet the needs ofveh~cles equ~pped wlth catalyt~c converters This 
second approach (reducing the lead content of leaded fuel ~nstead of sh~ftlng from 
leaded to completely unleaded fuel) has several advantages, and IS recommended 

1 in most cases 

The approach recom- 
mended here 1s first t o  
reduce the lead 
content of leaded 
gasolrne as qurckly as 
possrble, and then to 
elrm~nate leaded 
gasolrne as qurckly as 
possrble thereafter 

I Lower total lead emzsszons As discussed in Sect~on 2 2, the octane-~mproving 
effects of lead are not a linear funct~on of lead concentratlon The first 0 1 g/ 
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llter of lead addltlve glves the largest octane boost, wlth subsequent Increases 
in lead concentration glving progressively smaller returns 

W ReJinzng costs Reducing the lead content in leaded gasoline reduces the 
difference in refin~ng costs between leaded and unleaded gasolines This, In 
turn, makes it easler to adopt a policy taxlng gasollne so as to set the pump 
price of unleaded gasollne lower than that of leaded gasollne Thls policy is 
cons~dered Important to minimizing the chances of mishellng catalyst- 
equipped cars with leaded gasoline 

Improvedpzlblzcperceptton Another advantage of this approach is in the area 
of publlc relat~ons Thls 1s because no changes are required in consumer 
behav~or, and the change in lead concentration is not vis~ble at the gasoline 
pump Since only a tlny amount of lead is required to prevent valve seat 
recession even in extreme cases, a change in lead concentratlon even to very 
low levels 1s unlikely to worry the public For example, EPA's decis~on to 
limit lead to 0 1 gIgal (0 03 gll) in 1986 reduced ambient lead 
concentratlons by 90 percent, but was llttle not~ced by the gasoline-buying 
public 

Of course, all  countries should move to eliminate leaded gasoline entirely, and as 
quickly poss~ble This IS most readlly accomplished by leavlng the change from 
leaded to unleaded for the end of the phase-out process, when there has been 
more opportunity to educate the publlc and when the eliminat~on of most of the 
economzc benefits from the use of lead will have reduced the motivation for vested 
interests to spread mislnformat~on 

An example of near- and longer-term leadphaseout Table 5 shows a s~mplified 
example of how octane requirements could be met whlle phaslng out the use of 
lead additives The example assumes that the existlng gasoline market comprises 

equal shares of 85 RON leaded regular and 93 RON leaded premlum gasohne, 
produced In a mur of topping and hydroslumming refineries As the "exlstlng 
situat~on" column shows, the regular gasoline is blended from a comblnat~on of 
straght-run naphtha and butane, with a "clear" RON (before the addit~on of 
lead) of 73 2 Adding 0 7 grams of lead per liter rases the octane rating by 12 
numbers, to slightly more than 85 RON The leaded premlum gasoline is 
blended from a combination of straght-run gasohne, reformate, and butane, 
wlth a clear RON of 83 6 Adding 0 7 grams of lead per liter rases the RON by 
10 numbers, to 93 G The difference of two octane numbers between the octane 
boost from lead In the premium gasohne, compared to that produced by the 
same amount of lead in the lower-octane regular gasoline, 1s due to the reduced 
lead susceptibility of aromatics and naphthenes In the reformate 

The second, near-term column shows how the total lead in gasoline m~ght be 
reduced withln a relatively short per~od In this example, the base regular gasoline 
is blended from the same components as before, but with the addiuon of 9 
percent by volume of imported high-octane (97 RON) hydrocarbon compo- 
nents These could be elther alkylate or aromatics, or a combinauon of both 
(although alkylate would be preferred in order to mlnimlze benzene emiss~ons), 
and Increase the octane value of the clear gasollne by 2 3 numbers The resulting 
clear gasoline is then blended wlth 15 percent MTBE (contributing 7 1 octane 
numbers) The remaning shortfall of 2 5 octane numbers is made up by blending 
O 1 gram of lead per liter, talung advantage of the non-linear relatlonsh~p be- 
tween lead and octane boost 

Thrs very srmplrfred 
example shows the 
potentral to  reduce 
lead emrssrons subs- 
tantlally, even before 
new retrnery process 
unrts can be brought 
on l ~ n e  
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In the hypothet~cal premlum gasollne, the lead has been el~mlnated ent~rely, thus 
malung ~t compatible with veh~cles uslng catalytic converters T h ~ s  IS ach~eved by 
upgrading the reformer catalyst and Increasing reformer severlty to produce 
reformate of 100 RON Instead of 94 In addltlon, 6 percent of Imported high- 
octane blendstock is subst~tuted for stra~ght-run gasol~ne, lncreaslng the octane 
value by 1 5 number Flnally, the gasollne is blended w ~ t h  15 percent MTBE, 
adding 5 3 octane numbers 

In the longer term, new refinery process unlts could be bullt to supply the 
addit~onal octane required, thus elimlnatlng the need to Import MTBE and 
hlgh-octane blendstocks, as well as the remaining lead in the regular gasollne The 
third column in Table 5 shows the result of adding more catalyt~c reforming 
capacity, together with lsomerlzatlon and alkylat~on unlts 

While highly simplified, t h ~ s  example shows the potential to reduce lead emls- 
slons substantially even In the relatively near term, before new refinery process 
unlts could be brought on-line The resulting costs for MTBE and high-octane 
blendstocks are l~kely to be significant As further discussed In Chapter 6, these 
costs should be we~ghed agalnst the health and other benefits of reduclng lead 
emissions more quickly 

A s~mpllfied example of a cost calculation 1s given In Table 6 This calculat~on 1s 
based on the same hypothetical case as that above, and uses world market prlces 
current as of September 1998 The estimated economic cost of gasollne 1s based 
on the spot-market prlce of 91 octane unleaded regular gasoline in September 
1998 T h ~ s  price was US $0 385 per gallon ($0 102 per hter) at the refinery 
(Note that retall gasoline prlces are much h~gher, due to the costs of distr~bution 
and marketing, and taxes These costs would not change w ~ t h  the change to 
unleaded gasoline, and are thus omitted from the calculat~on ) The gasollne value 
was adjusted for d~ffering octane qualit~es, uslng a marg~nal cost per octane-barrel 
of US $0 33 ($0 002 per octane-liter) T h ~ s  value reflects spot-market prlce 
differences for differing gasollne grades A slngle marg~nal cost per octane barrel 
overs~mplifies the actual economics of refining, but serves for t h ~ s  s~mpllfied 
example 

For the Imported h~gh-octane components, lt was assumed that the cost would 
be US $0 004 per octane-hter (double that for domest~c refining), reflecting both 
a scarcity premlum and transportatlon costs This very conservative assumption 

would brlng the cost of the 97 RON Imported components to US $ 138 per 
llter The cost of MTBE assumed In the calculat~on 1s equal to the spot market 
price plus 10 percent for transportatlon and blendlng The cost of lead is glven In 
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Table 5 Example Of Meetlng Octane 
Requirements 

Regular Gasollne (85 RON) 

Stra~ght run naphtha 
Cat cracked gasollne 
n Butane 
Reformate 
lsornerate 
Alkylate 
Hlgh octane ~rnports 
Total 

Base gasollne RON 
Lead g/l 
RON increase due to lead 
MTBE blendlng 
Octane rncrease due to MTBE 
Final RON 

Premlum Gasol~ne (93 RON) 

Stra~ght run 
n Butane 
Reformate 
Reformate 
lsornerate 
Alkylate 
Hlgh octa~ne lrnports 
Total 

Base gasollne RON 
Lead g/l 
RON increase due to lead 
MTBE blendrng 
Octane increase due to MTBE 
Flnal RON 

W~th Reduced Use Of Lead 

Blendlng 
Octane 

Ex~stlng 
Sltuatlon 

Blendlng Components 

6 months 
(NearTerm) 

71 
92 
93 
94 
88 
97 
97 

3 to 5 years 
(LongTerm) 

90% 
0% 
10% 

100% 

73 2 
0 7 
12 
0% 
0 
85 2 

Blendlng Components 

81 % 
0% 
10% 

9% 
100% 

75 5 
0 1 
2 5 
1 5y0 
7 1 
85 2 

71 
93 
94 
100 
88 
97 
97 

35% 
1 5% 
10% 
35% 
5% 

100% 

85 3 
0 
0 

0% 
0 

85 3 

45% 
10% 
45% 

1000/0 

83 6 
0 7 
10 
0% 

93 6 

39% 
10% 

45Y0 

6% 
100% 

87 8 
0 
0 

1 5y0 
5 3 
93 1 

1 0% 
5% 

50% 
25% 
10% 

100% 

93 5 
0 
0 

0% 
0 

93 5 



I I Table 6 Costs Of Phasing Out Lead In Gasol~ne - I 
I I ~ ~ ~ o t h e t k a l  Case 
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1 998 
Prlces 

Contr~butron of Gasollne Cost 

Existlng 

Regular Gasol~ne 85 RON 

Gasol~ne 73 RON $Alter 
Gasol~ne 85 RON $Alter 
MTBE $Alter 
TEL $/gram Pb 
H~gh octane ~mports $Alter 
Total Cost 
Increase US$/l~ter 

NearTerm Long Term 

$0 066 
$0 090 
$0 183 
$0 021 
$0 138 

Premlum Gasollne93 RON 

$0 066 

$0 01 5 

$0 080 

Gasol~ne 84 RON $/l~ter 
Gasol~ne 87 RON $Alter 
Gasol~ne 93 RON $Alter 
MTBE $/l~ter 
TEL $/gram Pb 
Hlgh octane lrnports $/liter 
Total Cost 
Increase US$/l~ter 

$0 056 

$0 027 
$0 002 
$0011 
$0 096 
$0 015 

$0 088 
$0 094 
$0 106 
$0 183 
$0 021 
$0 138 

$0 090 

$0 090 
$0 009 

$0 088 

$0 015 

$0 102 

$0 080 

$0 027 

$0 007 
$0 114 
$0 01 2 

$0 106 

$0 106 
$0 003 



3. ASSESSING LEAD PHASEOUT 
IMPACTS ON THE VEHICLE FLEET 

Using lead additives in gasoline has many effects on a veh~cle's englne, in addltion 
to its effects on he1 octane level Most of these effects are undesirable, including 
the corrosion of exhaust valve materials, the contamination of engine oil wlth 
corrosive ac~ds, the fouling of spark plugs, and the corrosion of exhaust systems 

Gasoline lead does have one deslrable effect, however it serves as a lubricant 
between exhaust valves and their seats, helping to prevent excessive wear In the 
absence of lead, older-technology engines can suffer from the rap~d wear of the 
exhaust valve seats when operated at high speed for long periods of tlme T h ~ s  
phenomenon, known as valve seat recesston, has been the subject of cons~derable 
m~slnforrnat~on and publlc concern, which In turn poses a serlous obstacle to 
elimlnatlng leaded gasoline In many countries However, detuled studies and 
extensive practical experlence in a number of countries show that the potential 
problems due to valve seat recession have been h~ghly exaggerated and that use of 
low-lead or unleaded gasoline will result in longer englne l~fe and lower munte- 
nance costs overall 

Thls chapter first describes the reasons underlying EPA's finding 
that the mantenance costs for vehlcles uslng unleaded gasollne 
are less than those for vehicles uslng leaded gasollne 

Thls conclus~on has been supported by actual experlence In 
countries using unleaded gasollne In the Un~ted States, several 
stud~es covering thousands of vehlcles found no miuntenance 
problems that could be attr~buted to the effects of unleaded 
gasoline L~kew~se, Brazll has not exper~enced such problems as 
valve seat recession, whlch have been commonly attr~buted to 
the use of unleaded gasoline 

Last, the chapter shows how to calculate the malntenance cost 
savlngs resulung from the use of low-lead and unleaded gasoline 
The results show that, for typical malntenance costs, uslng low- 
lead gasoline would result in savings of about US $550 over the 
l~fe of a car, the total savlngs for unleaded fuel would be about 
$800 

Valve seat recessron 
(where the exhaust 
valve seats of older 
engrnes that run 
wrthout lead suffer 
raprd wear) 1s not as 
serrous a problem as 
once thought Low- 
lead or unleaded 
gasolrne produces 
longer engrne lrfe and 
lower marntenance 
costs for these and 
other engrne types 
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1 I The Steps In Assess~ng Lead Phaseout Impacts I 
On The Veh~cle Fleet 

1 Assess maintenance benef its of unleaded gasoline 
To assess the benefits of reduc~ng or eliminating lead in gasoline for 
the vehicle fleet implementers should quantify the frequency of 
occurrence and the costs of maintenance items such as spark plug 
changes, oil changes, valve repairs, valve seat repairs, and exhaust 
system replacements The savings in maintenance costs due to 
lead phaseout can then be estimated using the information provided 
in Section 3 4 

2 Assess potent~al for valve seat damage 
The implementer should also assess the potent~al for some engines 
to suffer valve seat damage 

3 Assess potential valve seat protection strategies 
Next implementers should assess the costs of potential valve seat 
protection strategies if these are indicated (See Section 3 1 1 for 
some ways to protect valve seats ) 

4 Evaluate net costs and savlngs for the vehicle fleet 
The resulting net benefits or costs should then be calculated as 
functions of time for each of the lead phaseout strategies consid- 
ered, in order to compare them with the other costs and benef~ts 

3 1 Lead's Role In The Englne 
Dur~ng the 1960s and 1970s, many techn~cal papers discussed the effects of lead 
additives and unleaded fuels on englnes Weaver (1986) rev~ewed the literature 
through 1984, as well as a number of unpubl~shed results of fleet experience 

uslng unleaded gasol~ne The results of his review were cited in the EPA's 1985 
cost-benefit study of lead phaseout, and prov~ded the technical bas~s for ~ t s  
conclusion that the vehicle maintenance savlngs would outweigh the costs The 
remainder of this sectlon summarizes the results of that study 

3 1 1 Valve Seat Recession 
The exhaust valves and valve seats of modern gasollne englnes operate at high 
temperatures and under great mechanical stresses When ~t closes, the valve 
strikes the seat w ~ t h  great force thousands of t~mes per mlnute Under h~gh-speed 
and high-power output cond~t~ons, small "warts" of iron oxlde may form on the 
valve This results from segments of the valve seat weld~ng to the valve upon 
Impact, and then be~ng torn loose when the valve opens When these "warts" 
repeatedly strike against the valve seat, ~t Lauses deformation, craclung, and 
flaking of the seat, whlle the presence of hard iron oxide part~cles being scrubbed 
across the valve face causes abrasive wear The resulting rap~d wear of the valve 
seat can lead to a loss of compression and require major repars to the engine in 
less than 10,000 km 

The presence of lead deposits on the valve seat appears to prevent the inltlal 
adhesion and welding that leads to valve seat recession Only a small amount of 
lead is requ~red to provide this protection O 02 grams per liter has been found 
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to be effective In laboratory tests A similar protective effect is obtained from 
deposits of other elements such as manganese (from MMT), phosphorus, zinc, 
and calcium (from engine oil) Valve seat recession can also be prevented by heat- 
treating the valve seat area to harden it, or by using valve seat inserts made of 
hard material A hardness of approximately 30 on the Rockwell C scale is 
adequate to prevent valve seat recesslon 

Nearly all gasoline engines and replacement cylinder heads now produced in the 
world have hardened valve seats, and thus are not subject to valve seat recesslon 
This applies generally to U S vehlcles made after 1970, and European vehicles 
beginning in the early 1980s Some older engines still in service may have soft 
valve seats, however, and could potentially experlence valve seat recession 

Although valve seat recession can readily be produced in the engine laboratory, 
practical experielice and a number of specific studies have shown that it is very 
uncommon in actual use This is apparently because few gasoline vehicles (espe- 
cially old ones) experlence long periods of uninterrupted operation at high speeds 
and loads There appears to be a threshold effect - a certan period of high- 
speed operation 1s required to wear through the deposit layer on the valve seat 
before recession can begin Interrupting this period of hlgh-speed operation with 
periods of lighter use may allow the deposit layer to re-form, prolonging engine 
life 

McArragher et al (1 993) reviewed a number of later studies and assessed the 
potential for valve seat recession due to lead phaseout in Europe Like the EPA 
study, McArragher and his colleagues concluded that valve seat recession was 
likely only where vulnerable engines were subject to prolonged high-speed 
operation They noted, however, that this was more likely in Europe, due to the 
smaller engines common there and the high speeds reached on autobahns and 
similar motorways They also concluded that a mlnimum of 0 05 glliter of lead 
would provide complete protection to the most vulnerable engines, even under 
the most extreme condit~ons A potassium additive was found that gave com- 
plete valve seat protection at high concentrations and good protection at lower 
concentrations 

The McArragher team projected the fraction of surviving cars in Europe with 
soft seat valves potentially vulnerable to recession This percentage was projected 
to drop from around 40 percent in 1990 to less than 20 percent by 1997 They 
pointed out as well that many of the "soft ' seats were actually hard enough to be 
unllkely to suffer valve seat recession except under extreme conditions, so that 
the number of vehicles actually vulnerable to valve seat recession would be even 
less than what they projected 

In the minority of vehicles that experlence valve seat recession, the problem can 
be corrected and kept from recurring Thls is done either by replacing the 
cyllnder head with a new one havlng hardened valve seats, or by machining out 
the valve seats in the old cylinder head and replacing them with hardened inserts 
The cost of this operation is about US $500 in the United States, and is ex- 
pected to be cons~derably less in most developing countries, which have lower 
labor costs 
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can occur ~n some 
older veh~cles when 
they are subjected to  
prolonged hrgh-speed 
operation, but the 
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States and the early 
1980s rn Europe 
protect agarnst this 
problem 
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1 3 1 2 Valve Corros~on And Gutter~ng 

Studres carr~ed out for 
EPA found that usrng 
unleaded gasolrne 
greatly reduces the 
number of valve- 
related reparrs needed, 
more than offsetting 
any Increase In repalrs 
due t o  valve seat 
recesslon 

Unleaded gasolrne can 
extend engrne Irfe by 
reduong engrne rust 
and the corros~ve wear 
o f  plston rrngs and 
cylrnder walls 

Cars us~ng  leaded 
gasolrne need spark 
plug replacements 
twrce as often as those 
runnlng on unleaded 
gasollne 

Although lead deposlts protect valve seats from accelerated wear, they can reduce 
the life of exhaust valves At high temperatures, the lead oxide layer on the seat 
can attack the protective ox~de layer on the valve, causlng corroslon Thls 
weakens the metal and can eventually cause "guttering' - the formation of a 
channel on the valve surface Hot combustion gases escaplng through this 
channel rapidly enlarge ~ t ,  causing the valve to fa11 A slmllar effect can occur 
when lead depos~ts build up too thickly on the valve seat When these deposlts 
flake, they can create a path for hot gases past the valve face 

Measures to prevent lead depos~t bulldup were deslgned into englnes Intended 
for use wlth leaded gasollne These Include the use of valve rotators, greater 
sprlng loadings, and steeper valve seat angles U S experience and a number of 
fleet stud~es have shown that the use of unleaded gasollne greatly reduces the 
number of valve-related repars needed, more than offsetting any Increase In 
repars due to valve seat recesslon 

3 1 3 011 Changes And Eng~ne L~fe 
Before unleaded gasoline was used, englne rustlng was an Important and w~dely 
studled problem To prevent the excess buildup of lead deposits, leaded gasoline 
Includes ethylene d~chlonde and ethylene d~brom~de to serve as "scavengers "The 
bromlne and chlorlne atoms Introduced to the combustion chamber comblne 
w ~ t h  the lead, formlng compounds that are more easlly removed Unfortunately, 
chlorlne and bromlne also form corroslve hydrochloric and hydrobromic aclds, 
respect~vel~ Some of these ac~ds get Into the englne orl, where they wdl readdy 
comblne with any water that may be present to cause Internal wrroslon and rust 

To delay t h ~ s  phenomenon, englne 011s contan specla1 baslc additives that react 
wlth the ac~ds to neutral~ze them Since the reactlon consumes the addtlves, the 
011 must be changed at intervals to supply fresh add~tlve Reduclng the lead 
content of the fuel reduces the corroslve burden on the lubricating 011, and allows 
011 change Intervals to be extended 

The lead scavengers used with leaded gasol~ne also contrlbute to corroslve wear 
ins~de the cylinder, especially wear of the plston rings For example, taxi studies 
in the 1970s showed that corroslve wear of the plston rings and cyllnder walls 
was 70 to 150 percent greater with leaded than unleaded he1 (Carey et al , 1978, 
Gergel and Sheahan, 1976) Switching to unleaded gasoline can thus be expected 
to extend engine l~fe slgnlficantly 

3 1 4 Spark Plug Foullng And Replacement Frequency 
Lead deposlts can foul spark plugs and contr~bute to chemlcal corroslon The 
spark plugs used with leaded gasollne can suffer serlous corroslon and requlre 
replacement generally w~thin 20,000 krn, while those used wlth unleaded fuel can 
go 40,000 krn or more wlthout replacement As a result, the costs for spark plug 
replacement and servlclng are much lower for vehlcles uslng unleaded fuel A 
study In Canada (HicMlng Partners, 198 1) concluded that spark plug malnte- 
nance costs would be reduced by about 49 percent wlth unleaded fuel 
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3 1 5 Exhaust System Corrosion 
Veh~cle exhaust systems can corrode from both the lnslde and the outslde From 
the made, the prlmary corroslon process 1s cold corroslon, whlch occurs when 
water condenses lnslde the exhaust system Where leaded gasollne 1s used, thls 
water 1s contarnmated wlth hydrochlor~c and hydrobrom~c aclds Exhaust gas 
condensates In englnes burnlng leaded gasollne typ~cally have pH values In the 
range of 2 2 to 2 6, whlch 1s hlghly corrosive The pH values of unleaded 
gasollne condensates are around 3 5 to 4 2 

Fleet tests comparing leaded and unleaded fuel show that vehlcles uslng leaded 
gasollne requlre four to ten tlmes as many replacements of exhaust system 
components In warm chmates, where road salt IS not used, exhaust systems used 
wlth unleaded gasollne can be expected to last the llfe of the vehde, whlle those 
used wlth leaded fuel requlre replacement about every 50,000 km 

3 2 U S Fleet Experience 
As the preceding revlew has shown, the use of unleaded gasollne offers many 
advantages In terms ofvehlcle l~fe and mantenance costs However, these 
advantages are counterbalanced by a potential major disadvantage In englnes not 
equlpped wlth hardened valve seats valve seat recesslon For t h ~ s  reason, 
proposals to ellmlnate leaded gasollne have caused publlc concern 

The llkellhood that valve seat recesslon wlll occur, and the consequences d lt 
does occur, have often been exaggerated The great body of m-use experience 

wlth unleaded gasollne, lncludlng ~ t s  w~despread use In vehcles wlthout hardened 
valve seats, shows that the Ilkellhood of valve seat damage due to unleaded fuel 
use 1s very small, whlle the overall savlngs In mantenance costs are generally 
substantial 

A number of controlled fleet studles were carr~ed out In the 1960s to compare 
mantenance costs ofvehlcles runnlng on leaded and unleaded gasollne 
financed by Ethyl Corporation, a major lead addltlve suppher, showed that over 
a 5-year per~od, 4 out of 64 vehlcles uslng unleaded gasollne requlred cyllnder 
head replacement (1 vehlcle requlred 2 replacements), compared to 1 out of 64 
vehlcles uslng leaded gasollne (W~ntrlngham et al , 1972) However, the un- 
leaded gasollne group reqwred only 6 valve repars, compared to 16 among the 
vehlcles uslng leaded gasollne Other studles conducted In the same tlme per~od 
showed that overall mantenance costs were lower wlth unleaded than leaded 
gasoline 

Englnes In heavy-duty gasollne vehlcles are more l~kely to undergo severe servlce 
than those In passenger cars, and thus m~ght be expected to show an Increased 
lnc~dence of valve seat recesslon Thls has not been the case, however A major 
test conducted by the U S Army Involved sw~tchmg all of the vehlcle fleets of 
three army posts-to unleaded gdollne T h ~ s  Included some 7,600 vehlcles (some 
dating from the 1940s), as well as many Items of power equipment The results 
of thls test were definlt~vel~ negatlve no untoward mantenance problems were 
exper~enced that could be attributed to the effects of unleaded gasollne The U S 

subsequently converted ~ t s  entlre establishment to unleaded gasollne 
wlthout dl effects 
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Analyses of 42 months of malntenance data for heavy-dury gasol~ne trucks 
used by the U S Postal Serv~ce (during which the trucks averaged 280,000 
k~lometers of serv~ce) showed that 4 2 percent of the trucks suffered valve 
failures and 1 2 percent suffered valve seat failures dur~ng that per~od 
(Weaver et al , 1986) The valve seat fa~lure rate was comparable to that 
expected when using leaded gasoline, while the valve fa~lure rate was sign~fi- 
cantly lower Experience In numerous publ~c ut~lity truck fleets durlng the 
1970s also showed no increase In valve- or valve seat-related problems w ~ t h  
the use of unleaded fuel 

3 3 Worldmde In-Use Experience 
In recent years, the use of leaded gasol~ne has been eliminated In a number of 
developing countries, ~ncluding Braz~l, Colombia, Egypt, Thailand, Guatemala, 
Costa k c a  and Argentma Increased seat valve problems have not been observed 
In any of these countries 

The case of Bra211 is espec~ally important, glven the slze of ~ t s  veh~cle fleet W ~ t h  
the inclusion of 22 percent ethanol by volume In gasol~ne as part of the Proalcool 
program, lead add~t~ves were no longer needed, and Brazil began eliminating 
gasoline lead In 1979 It completed ~ t s  lead phase-out In 1991 (Fa~z et al , 1996) 
Desp~te the presence of large numbers of veh~cles wlth soft valve seats, no 
sign~ficant or w~despread problems have been experienced w ~ t h  valve seat reces- 
sion 

3 4 Monetiz~ng Marntenance Costs And Samngs 
An evaluation of the costs and benefits of phas~ng out lead in gasol~ne should 
include an estlmate of the malntenance savlngs to veh~cle owners Table 7 shows 
a hypothetical example of such a calculation The assumptions used in t h ~ s  
example are outlined below 

I Spark plug lzfe Here, the assumptions were that 

I The veh~cle's useful life IS 200,000 lulometers 

The average interval between spark plug changes w ~ t h  leaded gasoline is 
15,000 lulometers ( ~ f  available, actual data on the average spark plug change 
Interval in the area under consideration should be substituted ~nstead) 

The average spark plug change interval w~l l  be doubled w ~ t h  unleaded 
gasol~ne, and extended by two-thirds uslng low-lead fuel (0 1 gram of lead 
per hter) 

I 
The l~fe t~me costs are then the cost of a single spark plug change (estimated at 
US $20) m u l t ~ ~ l ~ e d  by the number of spark plug change Intervals over the 
vehicles I~fe, mlnus one (since the vehicle comes equ~pped w ~ t h  one set of plugs) 

Engzne overhauh The number of engine overhauls requlred during the vehicle's 
l~fetime was estimated at 1 0 with leaded gasol~ne, and 0 8 with low-lead or 
unleaded fuel This 1s based on the much lower rates of piston ring wear, rustlng, 
and corrosion w ~ t h  low- and zero-lead fuel 
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Exhaust system replacements The numbers of exhaust system replacements 
and valve repars are based on the data of Wlntringham et al , extrapolated to 
the full englne life The number of exhaust system replacements with low- 
lead gasollne 1s assumed to be similar to that wlth hlgh-lead fuel, as the 
critlcal factor is cons~dered to be the presence of ac~ds formed by the lead 
scavengers in the exhaust plpe, and not the amount of the acid present 

Cyltnder head repkzcements The number of cylinder head replacements 1s also 
based on the data of Wintringharn et al , and reflects a pessimlstlc assumption 

that 20 percent of the vehlcle fleet wlll suffer valve seat recession at some point 
durlng their useful llves when using unleaded gasoline This 1s considerably 
h~gher than the observed rate of occurrence of this problem In the countries that 
have already phased out leaded gasoline 

Net mazntenance savzngs Addlng up the total mvntenance costs and savlngs In 
this hypothetical case suggests that the use of low-lead gasoline would result In 
savings of about US $557 over the l~fe of a car, eqwvalent to about $0 033 per 
l~ter of gasollne used For unleaded fuel, total savings would be $783, or about 
$0 047 per liter These costs can be compared directly to the additional costs of 
producing the low-lead and unleaded fuels in a cost-benefit evaluation 
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Table 7 Hypothet~cal Malntenance Cost 
Sav~ngs With Low-Lead And Unleaded Gasollne 

Spark Plugs 
Change Interval 
Change cost 
L~fet~me cost 

Maintenance Item 

Veh~cle l~fe (km) 

011 Change 
Change Interval 
Change cost 
L~fet~me cost 

Engine Overhaul 
Total overhauls 
Overhaul cost 
L~fet~me cost 

Hlgh Lead 

200 000 

Exhaust System Replacement 
Total replacements 3 
Replacement cost $80 
L~fet~me cost $240 

Valve Repairs 
Total number 
Cosffrepa~r 
L~fet~me cost $250 

Low Lead 

200 000 

Cyllnder Head Replacements 
Total number 0 1 
Costlrepa~r $300 
L~fet~me cost $30 

Unleaded 

200 000 

Total l~fet~me cost 
Savlng compared to leaded 
Total fuel used (I) 
Savlng per l~ter 
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4. ASSESSING LEAD PHASEOUT 
EFFECTS ON VEHICLE EMISSIONS 
AND AIR QUALITY 

Phasing out lead wlll entad changes in gasollne composition, and these changes 
will affect the emissions of lead and other pollutants from gasohne-powered 
vehicles For Instance, increasing the aromatic hydrocarbon content of gasoline 
may Increase emissions of benzene and other aromatics in exhaust and evapora- 
tlve emissions Changes in gasoline composition may also affect the photochemi- 
cal reactivity of volatlle organic compound (VOC) emissions, and thus affect the 
formation of ground-level ozone (photochemical smog) 

In a number of cases, public concerns over these secondary effects have delayed 
lead phaseout programs It is thus important that the potential secondary effects 
of lead phaseout be assessed and quantified as part of the phaseout plan, and that 
- where necessary - measures be taken to mltlgate any adverse impacts Such 
measures m~ght include settlng l~mits on or taxlng the benzene, aromatic, and/or 
olefin content of fuels, and llmltlng vapor pressure to minimlze evaporative 
emisslons 

Lead phaseout also provides an opportunity for a more general review of emis- 
sion control policies related to veh~cles and fuels, such as the adoption of cata- 
lytlc converters and/or evaporative emisslon controls, and l~mits on gasoline 
sulfur content To the extent that such policies requlre changes in either the 
composition or the market shares of d~fferent fuels, they will affect investment 
plans in the refining and fuel dlstribut~on sectors To avo~d waste and confusion, 
it 1s best that they be adopted as an integrated package wlth the lead phaseout 
policy, rather than one at a tlme 

This chapter first examines the effects of vehicle emlssion 
control technology on CO, HC, and NOx emisslons It then 
d~scusses the emlsslon standards In effect in North America and 
Europe, which ~mplementers should consider incorporating in 
their own countries' lead phaseout strategies 

I ' Next, the studies examining the differences in emissions 
between leaded and unleaded gasoline in vehicles without 
catalytic converters are examined The chapter concludes with a 
discussion of the rationale for considering the ~nclusion of 
regulations that reduce sulfur, fuel volatihty, olefins, aromatics 
and benzene when establishing a lead phaseout program 

4 1 Emlsslon Control Technolog~es For Gasollne Vehlcles 
In addlt~on to lead emissions from leaded gasoline, gasoline engines in cars, light- 
duty trucks, and motorcycles are responsible for more than 90 percent of the 
carbon monoxide (CO) emisslons and substantial fractions of the emissions of 
unburned hydrocarbons (HC) and oxides of nltrogen (NO) in most large cities 
Carbon monoxide is a poisonous gas, and exposure to it may increase the rlsk of 
heart attack in persons w ~ t h  exlsting cardiovascular dsease H C  emisslons 
include cancer-causing organlc chemicals such as benzene and 1,3 butadiene H C  

The changes rn 
gasolrne composrtion 
resulting from phasing 
out lead wrll affect the 
emrssrons of lead and 
other pollutants from 
gasolrne-powered 
veh I cles 
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Modern technologres 
can reduce CO, HC, 
and NOx emrssrons 
from new gasolrne 
vehrcles by more than 
90 percent compared 
to those of vehicles 
wrthout emrssron 
controls 

The benefits of 
phasrng out lead rn 
gasoline do  not 
depend on whether 
catalyst-forcing 
emrssion standards are 
adopted or not The 
decrsron to phase out 
lead rn gasolrne should 
not be delayed whrle 
thrs questron rs 
debated 

The Steps In Assessing Lead Phaseout Effects 
On Veh~cle Em~ss~ons And Air Qual~ty 

1 Assess gasollne composltlon effects on emlsslons and alr 
qual~ty 

lmplementers should assess and quantify the potent~al secondary 
effects of lead phaseout on emlssions and alr qual~ty 

2 Assess the need for pollcles affecting gasollne composftlon 
Where necessary, lmplementers should specify measures to m~tlgate 
any adverse impacts resulting from changes In gasollne compos~t~on 
Such measures m~ght include sett~ng l~m~ts  on or tax~ng the benzene, 
aromatic, and/or olef~n content of fuels, and lim~tlng vapor pressure to 
minlmize evaporative emlssions 

3 Cons~der veh~cle emission control pol~cy 
lmplementers should conduct a general revlew of emisslon control 
policies for vehicles and fuels, such as the adopt~on of catalyt~c 
converters and/or evaporative emlsslon controls, and limits on 
gasol~ne sulfur content 

and NOx also react In the presence of sunl~ght to form ozone and other photo- 
chemical ox~dants, the main lngred~ents In photochemical smog Ozone 1s an 
lrrltant gas with effects that Include Increased risk of asthma attacks, respiratory 
Illness, and death Most large citles worldw~de e x h ~ b ~ t  unhealthy levels of carbon 
monoxide, ozone, or both 

W ~ t h  modern emisslon control technology emlssions of CO, HC, and NOx 
from new gasollne vehicles can be reduced by more than 90 percent compared to 
the levels typ~cal for veh~cles without emlsslon controls The emisslon control 
system used to achieve t h ~ s  reduct~on has three main components a three-way 
catalyt~c converter, an electron~c fuel lnjectlon system, and an electron~c englne 
control system lncorporatlng a lambda sensor (a~r-fuel ratlo sensor) for feedback 
control of the a~r-fuel ratio 

8 

Both catalyt~c converters and lambda sensors depend on catalyt~c reactions, and 
both require the use of unleaded gasollne Othenv~se, lead compounds in the 
exhaust wlll rapidly coat the active surface of the catalyst, bloclung contact 
between the catalyst and the exhaust gas T h ~ s  was the orlglnal reason for 
mandating the sale of unleaded gasoline In the Unlted States in 1975, and 
subsequently in other countries At that tlme, the health dangers of lead aerosol 
contamination were not as well understood as they are today 

The decision to phase out lead In gasoline IS fully justifiable on health grounds, 
whether or not a government also chooses to adopt emlssion standards for HC, 
CO and NOx emissions that require the use of catalytrc converters Once the 
dec~s~on IS taken to phase out lead, however, ~t removes a major roadblock to 
adoptlng such standards The declslon on whether to adopt strlct emisslon l ~ m ~ t s  
for HC, CO, and NOx can then be considered on ~ t s  own merlts, talung into 
account both the costs and the benefits of such controls Proper evaluat~on of the 
costs, benefits, and feasible schedule for implementing veh~cle emlssion controls 
can be time consuming It IS important to emphas~ze, therefore, that the benefits 
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of phasing out lead in gasoline do not depend on whether catalyst-forc~ng 
emisslon standards are adopted or not, and the decis~on to phase out lead in 
gasoline should not be delayed whlle t h ~ s  question is debated 

4 2 Systems Of Emisslon Standards 
If a nauon or other jurisdicuon does decide to require gasoline vehicles to meet 
emlsslon standards, it will have to face the question of what emission standards 
to adopt It is very costly and time consuming for vehicle manufacturers to 
develop unique emisslon control systems Therefore, considerat~ons of economies 
of scale, the lead-t~me required, the cost to vehicle manufacturers to develop 
unlque emlsslon control systems, and the cost to governments of establ~shing 
and enforcing unique standards all argue for adopting one of the sets of lnterna- 
tional emlssion standards and test procedures already in wide use 

The m a n  International systems of vehicle emlsslon standards and test procedures 
are those of North Amer~ca and Europe North American emission standards and 
test procedures were orig~nally adopted by the United States, which was the first 
country to set emlssion standards for vehicles Under the North American Free 
Trade Agreement, these standards have also been adopted by Canada and Mex~co 
Other countries and jur~sdictions that have adopted U S standards and/or test 
procedures Include Argentina, Brazil, Chile, Taiwan, Hong Kong, Australia, the 
Republic of Korea, and Singapore (for motorcycles only) The standards and test 
procedures establ~shed by the United Nations Economic Commission for Europe 
are used in the European Union, a number of former Eastern bloc countries, and 
some AsIan nations Japan has also established a set of emiss~on standards and 
testing procedures that have been adopted by some East Asian countries as 
supplementary standards 

U S and European emission standards and test procedures are descr~bed by Faiz 
et al (1996) in a publicat~on by the World Bank Updated information as of 
mid-1998 was included in another report prepared under contract to the U S 
Agency for Internatlong Development (Chan and Weaver, 1998) Generally, 
gasoline passenger cars and light-duty trucks In Europe and North America use 
very similar technologies, and are certified to simllar emisslon levels Vehicles 
meeting each set of standards (and sometimes both) are readily avalable on the 
world market 

With this in mlnd, countries may wish to maxlmize their access to international 
automotive markets by allowlng vehicles to comply wlth elther North American 
or European emlssion standards Thus, vehlcles could be allowed ~f they were 
cemfied either to the current European emission standards for passenger cars and 
hght-commercial vehicles (contaned In EU d~rective number 96/69/EC) or to 
U S T ~ e r  1 emission standards as defined in the U S Code of Federal Regula- 
tlons (40 CFR 86, Part B) The cost of meeting either of these sets of emiss~on 
standards is estimated to be on the order of US $1,000 per vehicle compared to 
a vehicle wlthout emission controls This cost would be partly offset by an 
improvement in fuel economy of approximately 10 percent due to the use of 
electronic fuel Injection with electron~c management of air-he1 ratio and spark 
tlmlng 

Incorporating emlssion control technologies and new-vehicle emission standards 
into vehicle production is a necessary, but not a sufficient, condition for achiev- 

Economres o f  scale, 
the costs t o  
governments and 
vehrcle manufacturers, 
and other factors 
argue for adoptrng a 
set of  rnternatronal 
emrssron standards 
and test procedures, 
rather than developrng 
standards and test 
procedures that are 
unrque t o  one country 

The rncremental cost 
o f  meetrng rnter- 
natronal emrssron 
standards can be  partly 
offset by rmprove- 
ments rn fuel economy 
from electronrc fuel 
rnjectron wrth 
electronrc manage- 
ment 

IMPLEMENTER'S GUIDE TO PHASING OUT LEAD IN GASOLINE 



Studles have found 
that uslng unleaded 
gasol~ne reduces 
hydrocarbon emls- 
s~ons by 5 to  17 
percent over leaded 
fuel 

ing low emlsslons Measures are also required to ensure the durabll~ty and 
rel~abllity of ernlss~on controls throughout the veh~cles l~fetime Low vehicle 
emisslons at the tlme of product~on do llttle good lt low emlsslons are not 
malntalned in servlce To ensure that vehicle emlssion control systems are durable 
and rel~able, countries such as the Unlted States have programs to test veh~cles In 
servlce, and recall those that do not meet emlsslon standards Veh~cle emlsslon 
warranty requlrements have also been adopted to protect consumers It 1s 
recommended that countries seek the advice of spec~allsts In thls field to a ~ d  
them In deslgnlng effective and cost-effect~ve emisslon control programs The 
Internat~onal Actlvit~es Branch of the U S EPAs Office of Moblle Sources, 
located In Ann Arbor, Mlchlgan, USA, may be able to offer advice In t h ~ s  area 

4 3 Effect Of Leaded Vs Unleaded Gasoline 
A number of stud~es examlned the dlfferences in emisslons between leaded and 
unleaded gasollne In vehicles wlthout catalyt~c converters Exlstlng studies were 
summarlzed by the Coordlnatlng Research Counc~l (1 970) and by Weaver 
(1986) The Councd's summary found that stabll~zed HC emlsslons were 
reduced by 5 to 17 percent uslng unleaded gasoline compared to leaded fuel In 
consumer-type drlving tests and by an even larger fract~on In accelerated mlleage 
accumulat~on schedules 

Weaver (1986) descr~bes the reason for these dlfferences With leaded gasollne, 
lead depos~ts In the combust~on chamber develop over tlme These take longer to 
develop with low-lead gasohne, but eventually bulld up to the same level The 
unburned fuel-a~r mlxture trapped in this deposit layer does not burn, and later 
contr~butes to HC emlssions when it 1s swept Into the exhaust along with the 
burned charge Wlth unleaded fuel depos~ts conslst of carbon rather than lead, 
and are much more var~able A per~od of high-load operation can reduce deposlt 
levels considerably, and overall depos~t levels are lower, on average These lower 
deposit levels result in lower hydrocarbon emlssions 

The presence of tetra-ethyl lead acts as a combust~on lnh~b~tor ,  and t h ~ s  may also 
contr~bute to lncreaslng hydrocarbon emissions For example, in stud~es by the 
Instltuto Mex~cano del Petroleo (1994), the average of 28 vehlcles tested in back- 
to-back tests on leaded, low-lead, and unleaded gasollne showed lower HC 
emlsslons as gasollne lead content was reduced (Table 8) Benzene and 1,3 
butad~ene emlsslons uslng low-lead and unleaded fuel were less than wlth leaded 
gasollne, despite sl~ghtly higher benzene and aromatic content In the unleaded 
fuel Tests by CSIRO In Australla (DufFy et al , 1998) also showed that emlsslons 
of benzene and 1,3 butadiene were reduced using unleaded gasollne (Table 9) 

In actual consumer use, the difference In HC emlsslons between vehlcles uslng 
leaded and unleaded fuel 1s l~kely to be much greater than In these controlled 
stud~es T h ~ s  IS due to the effect of lead on spark plug replacement requlrements 
All of the controlled studies included routine maintenance, whlch would have 
Included t~mely spark plug changes In the real world, however, spark plug 
replacement IS often delayed untll mlsfire develops S~nce spark plugs require 
changlng at much shorter Intervals when leaded gasollne IS used, vehlcles using 
leaded gasollne are more likely to be operating with one or more cylinders 
m ~ s f i r l n ~  due to fouled plugs The Increase In H C  emlssions due to misfire is 
very large compared to the typlcal emisslons from properly funct~onlng veh~cles 
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Source lnst~tuto Mex~cano de Petroleo (1 994) 

Table 8 Comparison Of Pollutant Emlsslons Uslng Leaded, Low-Lead, 
And Unleaded Gasollne In Vehlcles W~thout Catalyt~c Converters 

RON 
MON 

Cornposltlon 
Paraff~ns 
Oleflns 
Naphthenes 
Aromat~cs 
Benzene 
MTBE 
TEL g/l 

Ern~sslons (gtkrn) 
CO 
HC 
NOx 

TOXIC Alr Contarnlnants (mglkrn) 
1 3 Butad~ene 
Benzene 
Formaldehyde 

4 4 Effect Of Gasohne Properties And Composiuon on 

Table 9 TOXIC Alr Contaminant Emlsslons 
Uslng Leaded And Unleaded Gasollne 

I EFFECTS Zjft! 

Baselme 

81 7 

57 3% 
10 0% 
10 2% 
18 1% 
1 4% 
5 0% 
0 37 

31 7 
2 95 
1 50 

87 56 
82 61 
78 72 

RON 

Cornpos~tlon 
Paraff~ns + naphthenes 
Olef~ns 
Aromat~cs 
Benzene 
TEL g/l 

TOXIC Alr Contarnlnants (rnglkrn) 
1 3 Butad~ene 
Benzene 
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Ref Nova 

81 1 
77 2 

56 4% 
7 9% 
11 4% 
17 3% 
1 3% 
7 0% 
0 19 

30 4 
2 9 
1 53 

85 45 
76 4 
85 1 

Leaded 

91 3 

43 7% 
5 2% 
42 8% 
5 7% 
0 37 

15 5 
146 6 

Emssions 
In establ~shing programs to phase out lead in gasoline, implementers may also 
want to consider the d e s ~ r a b ~ l ~ t ~  of other regulations on gasoline composition 

and propertles The potential reduction in HC and CO emissions due to the 
inclusion of oxygenated compounds such as MTBE and ethanol was Lscussed m 
Section 2 5 Other gasol~ne properties that may be of Interest for pollution 
reduct~on purposes Include ~ t s  sulhr content, the content of benzene and other 
aromatic hydrocarbons, olefin content, and volatility, as measured by Reid vapor 
pressure 

Nova A 

81 5 
773 

54 4% 
8 8% 
11 4% 
18 4% 
1 3% 
7 0% 
0 0 

30 0 
2 8 
1 52 

81 50 
79 7 
83 0 

Unleaded 

96 

45 0% 
6 8% 
40 5% 
5 0% 
0 0 

14 00 
122 8 

When establishrng 
lead phaseout 
programs, imple- 
menters 
consrder developrng 
other regulatrons on 
gasolrne composrtion 
and properties 



4 4 1 Sulfur 
Sulfur in gasol~ne IS undes~rable for several reasons The most Important of these 
IS that, in vehicles w ~ t h  catalyt~c converters, sulfur binds to the precious metal 
catalyst under r ~ c h  condit~ons, temporar~l~  polsonlng ~t Although t h ~ s  poisoning 
IS revernble, the efficiency of the catalyst IS reduced while operating on h~gh-  
sulfur fuel A 198 1 study by General Motors (Furey and Monroe, 198 1) showed 
emlsslons reduct~ons of 16 2 percent for HC, 13 0 percent for CO, and 13 9 
percent for NOywith aged catalysts In going from fuel containing 0 09 percent 
sulfur to 0 01 percent An even larger percentage reduct~on was seen In vehlcles 
w ~ t h  relatively new catalysts 

S~milar results have been reported from modern fuel-~njected vehicles with three- 
way catalysts, tested as part-of the Auto/Oil Cooperative Study in the Unlted 
States (1992) T h ~ s  study showed that reduclng fuel sulfur content can contr~b- 
ute directly to reduct~ons In mass emlssions (HC, CO, and NOx), toxlc emls- 
sions (benzene 1,3-butad~ene, formaldehyde, and acetaldehyde), and potential 
ozone format~on The AutoIOil sulfur reduct~on study used test fuels wlth 
nominal fuel sulfur levels of 50, 150,250,350, and 450 ppm In 10 late-model 
veh~cles Reduct~ons In HC NMHC, CO, and NO" were 18, 17, 19, and 8 
percent, respectively, when fuel sulfur level was dropped from 450 ppm to 50 
ppm Reduclng the fuel sulfur level also reduced benzene emlsslons by 2 1 percent 
and acetaldehyde emlsslons by 35 percent Formaldehyde emisslons were tn- 
creased by 45 percent, whlle 1,3-butad~ene changes were inslgnlficant 

In addit~on to ~ t s  effects on catalyst effic~ency, sulfur in gasol~ne contr~butes 
d~rectly to SO,, sulfate, and H,S ernisslons, and lnd~rectly to the formation of 
sulfate partlcles In the atmosphere These partlcles are a s~gnlficant contr~butor to 
amb~ent concentrations of fine particulate matter (PM2 5), whlch has recently 
been shown to have strong links to human health and mortal~ty Under lean 
condlt~ons, fuel sulfur forms particulate sulfates and sulfur~c a c ~ d  m catalyt~c 
converters Under rlch condit~ons, hydrogen sulfide IS formed by the reduction 
of SO, and sulfates stored on the catalyst substrate The strong offensive odor of 
H,S In the exhaust contr~butes to a publlc perception that catalysts "dont work," 
and may lead to Increased tarnperlng wlth emisslon controls 

Fuel volatlllry, as measured by Reid vapor pressure (RVP), has a marked effect on 
evaporative emisslons from gasoline vehicles, both with and w~thout evaporatlve 
emisslon controls In tests performed on European veh~cles w~thout evaporatlve 
emlssion controls lt was found that increasing the fuel R W  from 62 to 82 
lulopascals (kPa) roughly doubled evaporatlve emisslons (McArragher et al , 
1988) The percentage effect IS even greater In controlled vehlcles In going from 
62 to 8 1 kPa RVP fuel, average dlurnal emisslons In vehlcles wlth evaporatlve 
controls Increased by more than 5 tlmes, and average hot-soak emisslons by 25- 
100 percent (U S EPA, 1987) The large Increase In d~urnal emisslons from 
controlled vehlcles IS due to saturation of the charcoal canister, whlch allows 
subsequent vapors to escape to the air Vehlcle refueling emlssions are also 
strongly affected by fuel volat~lity In a comparative test on the same veh~cles 
(Braddock, 1988), fuel w ~ t h  79 kPa RVP ~roduced 30 percent greater refuelrng 1 emlsslons than gasoline wlth 64 kPa RVP (1 45 vs 1 89 gllltre dispensed) 
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In response to data such as these, EPA has established nationwide summertime 
RVP llmits for gasoline These llmits are 7 8 pounds per square inch (PSI) (4 
kPa) In warm-climate areas and 9 O PSI (62 kPa) in cooler reglons Still lower 
RVP levels will be requlred in "reformulated' !gasoline sold in areas with serious 
alr pollution problems 

An important advantage of gasollne volatility controls is that they can affect 
emissions from vehicles already produced and in use, and from the gasoline 
distribution system Unlike new-vehicle emisslons standards, it is not necessary 
to Walt for the fleet to turn over before they take effect The emissions benefits 
and cost-effectiveness of lower volatility are greatest where few of the vehlcles in 
use are equlpped with evaporative controls Even where evaporative controls are 
In common use, as In the United States, the control of volatility may stlll be 
beneficial to prevent ~n-use volat~lity levels from exceeding those for which the 
controls were deslgned 

In its analysis of the RVP regulation, EPA (1987) estimated that the long-term 
refining costs of meetlng a 62 kPa RW limlt throughout the United States 
would be approximately US $0 0038 per liter, assumlng crude oil at $20 per 
barrel These costs were largely offset by credits for improved fuel economy and 
reduced fuel loss through evaporation, so that the net cost to the consumer was 
estimated at only $0 00 12 per llter 

Gasollne volatility reductlons are llmlted by the need to m a n t a  adequate fuel 
volatility for good vaporization under cold conditions Otherw~se, englnes w~ll  
be d~fficult to start Volatility reductlons below about 58 kPa have been shown 
to lmpar cold starting and drlveablhty, and Increase exhaust VOC emissions 
somewhat, especially at lower temperatures For thls reason, volatrl~ty limlts are 
normally restricted to the warm months, in whlch evaporative emlsslons are 
most slgnlficant The range of ambient temperatures encountered must also be 
considered in settlng gasollne volatility llmlts 

4 4 3 Olefins 
Olefins, or alkenes, are a class of hydrocarbons that have one or more double 
bonds in the~r carbon structure Examples include ethylene, propylene, butene, 
and 1,3 butadlene - a powerful carcinogen Olefins in gasollne are usually created 
by the refinlng process of craclung naphthas or other petroleum fractions at high 
temperatures Olefins are also created by partlal combustion of paraffinic hydro- 
carbons in the engine Compared to paraffins, olefins have extremely hlgh ozone 
reactivity Because of thelr higher carbon content, they also have a sl~ghtly hlgher 
flame temperature than paraffins, and thus NOx emissions may be increased 
somewhat It has been shown (Du@ et al , 1998) that the evaporation of 1,3 
butadlene In gasollne contributes to amblent levels of this toxlc a r  contaminant 

The AutoIOd study in the United States examined the Impacts of reduclng 
olefins in gasoline from 20 percent to 5 percent by volume (Hochhauser and 
others, 1991) The results show that while there tends to be a slight reduction in 
NOx emisslons from both current and older catalyst-equlpped vehicles, VOC 
emisslons tend to rise in both vehicle classes This was ascribed to the fact that a 
reduction in olefin content implles an Increase In the paraffins The olefins react 
much more readlly in a catalytic converter than do parfins Increasing the 
paraffin content of the fuel therefore tends to reduce the overall VOC efficiency 

An rmportant 
advantage o f  gasoline 
volatrlrty controls 1s 
that they can affect 
ernrssions from 
vehrcles that are 
already 1n use and 
from <he gasolrne 
drstnbutron system 
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It IS recommended that 
appropnate lrrnrts on 
the benzene and 
aromatrc content of 
gasoline be adopted at 
the same tlme as the 
lead phasedown 
program 

of the catalyt~c converter The result of this change is higher paraffinic VOC 
emisslons (which have substantially reduced reactivity in comparison to olefinic 
VOC emissions) and an associated reduct~on in vehicle exhaust reactivity 

4 4 4 Aromatics And Benzene 
Aromatic hydrocarbons are hydrocarbons that contain one or more benzene rlngs 
In their molecular structure In order to meet octane specifications, unleaded 
gasol~ne normally contains about 30-50 percent aromatic hydrocarbons Aromat- 
ics, because of the~r high carbon content, have sllghtly higher flame temperatures 
than paraffins, and are therefore thought to contribute to higher englne-out NOx 
emisslons Aromatics In the engine exhaust also ralse the reactlvlty of the exhaust 
VOC because of the high reactivity of the alkyl aromatic specles such as xylenes 
and dkyl benzenes Reducing the content of aromatic hydrocarbons In gasoline 
has been shown to reduce NOx emlssions, exhaust reactivity, and benzene 
emisslons 

An EPA study of toxic air contaminant emissions from mobile sources (EPA, 
1993) gives a regression equation relatlng the fract~on of benzene in the exhaust 
hydrocarbons to the benzene and aromatic content of the fuel For veh~cles 
w~thout catalyt~c converters, this fract~on is glven as 

Benzene as % of total HC = 
0 86 ( ~ 0 1 %  benzene) + 0 12 x ( ~ 0 1 %  aromatics) - 1 16 

Evaporative and exhaust emisslons of benzene are of significant publlc concern 
because benzene 1s a probable (albeit fady weak) human carcinogen In a number 
of cases, exaggerated concerns of supposed increases in benzene emisslons due to 
lead phaseout have been allowed to delay lead phaseout programs As Chapter 5 
wlll demonstrate, the risks of even a very large Increase in veh~cular benzene 
emlssions would be much less than the r~sks from lead Even the relat~vely small 
rlsks due to benzene may be worth mitigating, however, if only to reduce publ~c 
anxiety and potential delays in the lead phaseout program Implementers may 
thus wish to consider establish~ng limits on both the benzene and total aromatlc 
concentrations in gasoline 

As discussed In Chapter 2, increasing the aromatic content of gasol~ne by 
catalytic reforming is one of the most important octane-enhancing processes In 
the refinery With advance planning, however, the increase in aromatlc content 
due to lead phaseout can be minimized by emphasizing other octane-enhancing 
processes such as isomerization, alkylatlon, and blending of ethers In addition, 
the benzene content of the aromatic fraction can be reduced cons~derably by 
using special reformer catalysts ta~lored to produce other aromatics, and by 
processes that either remove the benzene for sale as a petrochemical or chemically 
destroy it by converting ~t to non-toxic compounds such as cyclohexane In 
order to minimlze the cost impact on refiners, it IS important that these cons~d- 
erations be taken into account at the time the refinery is upgraded to increase its 
octane capacity Thus, ~t 1s recommended that appropriate llm~ts on the benzene 
and aromatic content of gasoline be adopted at the same time as the lead 
phasedown program 
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5. ASSESSING THE HEALTH BENEFITS 
OF LEAD PHASEOUT 

Reducing or el~minating lead aerosol emissions through the use of unleaded 
gasoline can be expected to decrease lead concentrations In amblent ar ,  dust, and 
other media This, In turn, will lessen human exposure to lead and the resultlng 
adverse health effects 

Thls chapter presents data and a methodology for estimating 

the reduction In the average lead concentrations m human 
blood to be expected as a result of reducing or eliminating lead 
in gasoline 

Gwen this ~nformatlon, dose-response relationships derived 
from epidemiological data can be used to esumate the change In 
the lncldence of h~gh  blood pressure, cardlovascular dlness, and 
other health outcomes due to a glven lead phaseout scenario 
Examples of these calculations are also presented In this chapter 
Finally, t h ~ s  chapter presents an approach for calculating the 
monetary value attributable to these benefits 

In comparing the costs of reduclng lead in gasolme with the resultlng health 
benefits, it 1s often useful to express the health benefits in monetary terms The 
value to soclety of preventing a case of lead-related lllness or premature death can 
be estimated based on treatment costs, lost productlvlty, and people's d ingness  
to pay to reduce the risk of such consequences as premature death This chapter 
presents the bases for developing such estimates 
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The Steps In Assess~ng The Health Benef~ts 
Of Lead Phaseout 

1 Est~mate the air quallty Impact of lead and lead alternatlves 
To assess the health benef~ts of reduclng or ellmlnatlng lead emls- 
sons the lmplementer should estlmate how the dlstrlbut~on of lead 
concentratlons In amblent alr and In human blood will change In 
response to changes In gasollne lead concentratlons To relleve 
publlc concerns about these Issues, the lmplementer should also 
estlmate the effect of the resulting changes In gasol~ne composit~on 
on emlsslons of toxlc alr contaminants such as benzene and 1,3 
butadlene 

2 Conduct a rlsk assessment for lead and lead alternatlves 
Gwen the estlmated change In lead concentratlons, coeff~c~ents 
derlved from ep~dem~olog~cal studles of health outcomes as functions 
of blood lead concentratron can be used to estlmate the change In the 
rlsks of hypertension, Impacts on children's health, card~ovascular 
~llness, neurodevelopmental problems, and premature death due to a 
given reduction In lead emlsslons Slmllarly, published factors on un~t 
rlsk can be used to estlmate the potentlal change In cancer lncldence 
due to changes In toxlc alr contaminant emlsslons 

3 Assess the publ~c health beneflts of phas~ng out lead 
The change In lndlvldual rlsk IS multlplled by the population affected 
to give the total publlc health Impacts of a given lead phaseout 
scenarlo 

4 Conduct an economlc valuat~on of publlc health benef~ts 
In comparing the health beneflts wlth the costs of reduclng lead In 
gasol~ne, ~t IS often useful to express the health benef~ts In monetary 
terms The value to soclety of preventing a case of lead-related 
illness or premature death can be estlmated based on treatment 
costs, lost productlvlty, and people's wllllngness to pay to reduce the 
rlsk of premature death and other adverse consequences 
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5 1 Emssions Vs Ambient Concentrauons I 
Arnblent lead concentrations resulting from lead emissions in a given area such as 
a city are proportional to the quantity of leaded gasoline consumed in that area 
The resulting ambient lead concentrations will depend on the 

W Quantrty of leaded gasoline consumed 

Proximity of the particular monitoring slte to heavy concentrations of road 
traffic 

W Local meteorological condltrons, whlch will determine the rate and extent of 
d~spersion of the lead aerosol 

Table 10 compares the estimated lead emissions for seven of the world's 
megacities with the~r average lead concentrations As this figure shows, the ratio 
of average lead concentratrons to emissions is remarkably constant, averaging 
about O 002 pg/m3 per ton of lead emitted in the urban area per year Surpris- 
ingly, this ratio does not appear to be much affected by variations in the size of 
the urban area, possibly because (except for London) heavy trffic concentrations 
and lead monitoring sites may tend to be concentrated in a much smaller region 

Sources Wangwongwatana (1 998) WHO (1 992) Rom~eu (1 995) 

Table 10 Lead Emissions Vs Amb~ent Concentration 
For A Selection Of World Megacit~es 

In the absence of a significant lndustrlal source such as a pnmary or secondary 
lead smelter or a steel mill, more than 90 percent of the ambient lead aerosol 
measured 1s likely to be attributable to leaded gasoline combustion Reducing the 
total mass of lead used in gasoline will likely produce a nearly proportional 
reduction in lead aerosol concentrations in the atmosphere 

clb' 

Mex~co City 

Bangkok 

Delhr 
Calm 
London 
Man~la 
Jakarta 

To estimate the change in ambient lead concentratron that would result from 
reduclng or eliminating lead in gasohne, it is best to rely on local monitoring 

data, if avalable If measurements of ambient lead concentration are not aval- 
able, then the data shown in Table 10 can be used to develop a first approxima- 
tion Multiplying the lead content of gasoline (in grams per liter) by annual 
leaded gasoline consumption in an urban area (in mlllions of liters) will give the 

If a large rndustrral 
source of lead IS not 
located rn the area 
berng mon~tored, rt IS 

lrkely that over 90 
percent of lead aerosol 
rn the atmosphere IS 

comrng from leaded 
gasolrne combustron 

Date 

1988 
1993 
1990 
1992 
1993 
1994 
1995 
1996 

1992 
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Avg LeadJ 
Conc (pg/m ) 

2 8  
0 6  
1 245 
044 
033 
0185 
016 
008 
052 
2 5  
0 3 
1 45 
1 1 

Lead 
Emlssrons 
(tonslyear) 

1400 
210 
598 
182 
160 
110 
75 
25 

600 
1200 
525 
689 
520 

Ratro 

0 0020 
0 0029 
0 0021 
0 0024 
0 0021 
0 0017 
0 0021 
0 0032 
0 0009 
0 0021 
0 0006 
0 0021 
0 0021 



Lead can be  absorbed 
by the body drrectly 
through rnhalatron or 
rndrrectly through lead 
aerosol settlrng on 
floors, cookrng 
utensrls, and other 
surfaces 

annual lead emissions in tons Multiplying this value by 0 002 pg/m3-ton will 
give an order-of-magnitude estimate of the lead aerosol concentration caused by 
leaded gasoline use 

1 5 2 Amblent Concentrat~on Vs Blood Lead Concentration 

Most of the available data linlung blood lead concentratlons to lead concentra- 

1 
- 

tions in ambient alr are based on studies in developed nauons with temperate 
climates (such as the United States, United IGngdom, the Netherlands, and 
Australia) and where amblent lead concentratlons were between 0 5 and 10 pgl 

A number of studies and reviews have examined the relationship between changes 
in the lead concentration in ambient air and the resulting change in average 
blood lead concentrations in ch~ldren and adults These include studies by the 
World Health Organization (WHO, 1995), the U S Environmental Protection 
Agency (1 986), and the California Ofice of Environmental Health Hazard 
Assessment (OEHHA) (Ostro et al , 1997) These reviews generally concur in 
finding that this relationship is non-linear, it has a relatively high slope at low 
ambient lead levels, and a decreasing slope as the lead concentration Increases 

m3 The lead concentration in most urban atmospheres lles toward the lower end 
of this range Although individual studes have shown a wlde range of relat~on- 
ships, the WHO, EPA, and OEHHA revlews concur that - for the range of lead 
concentrations typical of non-occupational exposures - the relatlonsh~p of 
blood lead to lead in ambient a r  can be approximated as a h e a r  funct~on For 
adults, the slope of this function u approximately 2 pg/dl of lead in blood per 
pg/m3 of lead in ambient u r  For children, the slope l~es between 3 and 5 pgldl 
of lead in blood per &m3 of lead m arnb~ent ar ,  with a best estlmate value of 
approximately 4 Thus, a reduct~on In average amblent lead concentration of 1 0 
pg/m3 can be expected to produce a reduct~on In the average blood lead concen- 
tration of 2 &dl for adults and 4 pg/dl for children The half-hfe of lead In 
blood is about 36 days (WHO, 1995), so that average blood lead concentrations 
can be expected to respond to changes in ambient lead levels w ~ t h ~ n  two months 

The blood leadlair lead relationships shown in Figure 10 account both for lead 
absorbed directly (as a result of inhalation) and indirectly (as a result of lead 
aerosol settling on floors and other surfaces, coolung and eating utensils, etc ) 
Based on dlrect Inhalation alone, the blood lead to air lead ratio would be around 
1 6 for adults and 2 0 for children Young ch~ldren are subject to much greater 
indirect exposure than adults because of their tendency to play on the floor, and 
to put their hands and other thlngs in their mouths Boys also tend ro exhibit 
higher blood lead concentrations than girls, possibly because they spend more 
time playing outs~de 

Implementers should bear in mind that the average blood lead concentration in a 
given population is a function not only of the lead concentration in ambient air, 
but also of total lead exposure through other media such as food, water, and dust 
or chips from lead pant  Where lead exposure through other media is high, the 
incremental lead absorption due to lead in the air is likely to be less Conversely, 
where people are less exposed to lead through other media, their blood lead 
concentrations may be more sensitive to lead concentrations in the air 
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Flgure 10 Expected Change In Average Blood Lead Concentration 
Due To A Change In Lead Concentration In Amb~ent Alr 

0 

Change In Avg Lead in Air (pgIrn3) 

These blood leadtar lead relat~onships are based on population studies conducted 
mostly In developed nations wlth relatlvely cold climates, in which people tend 
to spend most of the~r time indoors, where there is relatlvely little Interchange 
between Indoor and outdoor ar ,  where chlldren are unlikely to spend much tlme 
on or near busy streets, and where anemla and malnutrit~on are uncommon 
Each of these factors would tend to reduce the slope of the blood leadtar lead 
relat~onsh~p It 1s therefore very l~kely that the factors given here substant~all~ 
underestimate the slope of the blood leadtar lead relat~onsh~p In many develop- 
Ing countries, where people are l~kely to spend more tlme outdoors on busy 
streets, and where there IS more Interchange between ~ndoor and outdoor a r  

It IS also Important to note that these blood leadlar lead relationsh~ps reflect 
only the short-term effects of reduclng arnb~ent lead concentratlons, and not the 
reduction in the long-term accumulation of lead in so11 and croplands due to 
reducing overall lead emissions Agan, this means that these calculations w~ll  
tend to understate the long-term benefit of reducing lead emisslons, as they do 
not account for the long-term reduction in lead concentratlons, and thus lead 
from food and soil due to reduclng lead emissions to the a r  

5 3 Estlmatlng The Reduction In Blood Lead Due To Lead 
Phaseout 

To estimate the reduction In blood lead concentratlons from phaslng out lead In 
gasollne, one must first calculate total lead emlsslons, and then relate these to 
amblent a r  monltorlng data Gasollne lead emisslons (In tons) are equal to the 
product of leaded gasoline consumption (In m~llions of llters) and the lead 
concentration In leaded gasollne (In grams per hter) 

Table 1 1 shows a hypothetical example Leaded gasollne sales are 1000 million 
hers per year, w ~ t h  a lead concentratlon of 0 7 grams per hter, resulting In lead 
emissions of 700 tons per year The amblent lead concentrauon 1s 1 4 pg/m3 
Reduclng the lead content to 0 15 gram per llter would reduce annual lead 
emlsslons by 550 tons, and would be expected to reduce the average amb~ent 
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When people have 
hrgh exposure to  other 
sources of lead (for 
example, tndrrect 
exposure or exposure 
through food or lead 
palnt), therr absorptron 
of lead rn the arr IS 

Irkely to  be less And 
when they are less 
exposed through other 
medra, therr blood 
lead concentratrons 
may be more sensrtrve 
to  lead rn the arr 

Most of the studres 
done on the blood 
lead/a~r lead 
relat~onshrp were 
conducted In 
developed countrres, 
where people tend to 
spend less trme 
outdoors For thrs and 
other reasons, the 
blood lead/arr lead 
relatronshrp's slope 
may be htgher rn 
developrng natrons 

These stud~es also d o  
not account for the 
long-term effects of 
reducrng lead tn sorls, 
and may thus 
understate the long- 
term benefits of 
reducrng lead 



lead concentration proportionally (assuming that there are no other s~gnificant 
sources of lead aerosol em~ssions) The resulting reduct~on in lead concentratlon 
would be 1 1 &m3 

As shown In Sect~on 5 2 the slope of the short-term relationship between blood 
lead and lead in air is approximately 2 for adults and 4 for ch~ldren Thus, the 
expected short-term change in average blood lead concentrations for adults is two 
times the change in ambient concentratlon, or 2 2 &dl For children, s ~ m ~ l a r l ~ ,  
it is 4 4 pg/dl 

Table 11 Reduction In Blood Lead Concentrat~ons Due 
To Reduclng Lead In Gasol~ne A Hypothetical Example 

Leaded gasollne sales 
Lead concentratlon In gasollne 
Annual lead emlsslons 
Avg lead concentratlon In alr 

Values 

Effect of reduclng lead to 0 15 gll~ter 
Annual lead emlsslons 
Change In lead concentratlon In alr 
Change In blood lead adults 
Change In blood lead ch~ldren 

units 

m~ll~on l~ters per year 
grams per llter 
tons Pb per year 
grams per cublc meter 

tons Pb per year 
grams per cublc meter 
microgram per decll~ter 
micrograms per decll~ter 

Figure 11 Blood Lead Concentration In Chlldren Vs 
Quarterly Sales Of Lead In Gasollne, Chlcago, USA 

I Gasollne Lead (brll~ons of grams per calendar quarter) 

I Source Schwartz et al (1 985) 

In a number of U S citles, average blood lead concentrations have been related 
directly to changes In total consumption of lead in gasol~ne In Ch~cago (Figure 
1 I), a reduction of 300 tons per quarter in gasol~ne lead (1200 tons per year) 
resulted in a reduction of 5 pg/dl in the average blood lead concentratlon of 
ch~ldren In a lead screening program In New York C ~ t y  (F~gure 12), a reduction 
of 550 tons per quarter gave an average reduction of 7 pg/m3 in chddren's blood 
lead concentration 
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Flgure 12 Blood Lead Concentration In Chlldren Vs 
Quarterly Sales Of Lead In Gasoline, New York Clty, USA 

151, I I I I I I I I I I I I 
020 025 030 035 040 045 050 055 060 065 070 075 0'80 

Gasol~ne Lead (blll~ons of grams per calendar-quarter) 

Source Schwartz et al (1 985) 

5 4 Assessing The Health Benefits Of Lead Phaseout 
Numerous studies have documented the effects of lead on human health 
Major reviews of these studies have been carried out by the U S EPA 
(1986), World Health Organization (1995), and the California Office of 
Health Hazard Assessment (Ostro et al , 1997) The main adverse health 
effects associated with lead exposure in children are neurodevelopmental 
damage, resulting in lowered intelligence, increased incidence of behavioral 
problems, increased risk of learning disabilities, increased rlsk of hearing loss, 
and increased rlsk of failure in school In adults, lead exposure 1s linked to 
increased blood pressure, leadlng to increases in the incidence of hyperten- 
son,  card~ovascular illness, stroke, and premature death Lead and the lead 
scavengers ethylene dichloride and ethylene dibromide are also considered 
possible human carcinogens, but the risk of cancer from emissions associated 
wlth lead in gasoline is much less than the risk of cardiovascular mortality 
due to hypertension 

5 4 1 Lead And Neurodevelopmental Effects In Children 
All of the recent reviews of lead and its health effects agree In concluding that 
children with blood lead concentrations exceeding the"leve1 of concerngof about 
10 pgldl can suffer imparments in the development of thelr central nervous 
system and other organs, imparments in cognitive function, and increased risk 
of behavioral problems The imprurment In cognitive function is most readily 
measured by comparing results on standardized Intelligence tests Performance on 
these tests has been shown to be a good predictor of later achievement in school, 
and to be correlated with lifetime earnings (Schwartz et al , 1985) 

The marn effects of 
lead In chrldren are 
neurodevelopmental 
damage, and rn adults 
rncreased blood 
pressure 

Other thrngs berng 
equal, a chrld wrth 20 
pg/dl of lead In hrs or 
her blood wrll score 
about 2 6 pornts lower 
~n 10 than one wrth 10 
pg/dl To put thrs rn 
perspectrve, U S chrld- 
ren today average less 
than 5 pg/dl of blood 
lead, compared to  
around 15-20 pg/dl rn 
the Unrted States rn 
the early 1970s or rn 
many developrng 

Schwartz (1994a) conducted an extensive meta-analysls of the studies linlung 
lead in blood with ch~ldren's I Q  He concluded that there is a highly significant 
association between blood lead levels and I Q  in children, and that this associa- 

countrres today ~ h r s  rs 
equivalent to  around 4 

- a srgnl- 

tion was robust to changes in model formulation, study type, and potential ficant difference 
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Data suggest that the 
damagrng effects of 
lead on 10 extend to 
blood lead levels as 
low as lpg/decrlrter 

In addrtlon to  rts 
health effects, lead rn 
the blood can affect 
chrldren's Irfet~me 
earnlngs 

confounding factors For an Increase in blood lead concentration from I0 to 20 
pg/deal~ter, the meta-analys~s predicted a decrease In mean IQof  2 57 +I- 0 41 
polnts, or 0 256 I Q  polnts per pgldl 

Schwartz also found that the results do not support the potential existence of a 
blood lead "threshold below whlch no significant harm occurs To the contrary, 
the data suggest that the darnaglng effects of lead on IQextend to blood lead 
levels as low as lpgldecil~ter, and that the slope of the leadlIQ curve may even be 
higher at low levels of lead exposure If correct, t h ~ s  would Imply that there IS no 
acceptable level of lead exposure, and that every effort should be made to reduce 
even low levels of arnb~ent lead 

Accept~ng Schwartis analysis, a 1 pgldl change In the mean blood lead concentra- 
tlon of preschool chlldren would be expected to sh~ft the mean I Q  of the same 
children by 0 256 polnts It IS not clear to what extent thls effect IS reversible 
that is, whether lt IS posslble to Improve the mental performance of children 
exposed to high blood lead concentrations during the crlt~cal early childhood 
years by reducing thelr lead exposure later in llfe There IS some reason to belleve 
that a signlficant part of the damage 1s permanent that IS, that children exposed 
to h ~ g h  blood lead concentrations from b~r th  to age SIX years are unlikely to 
recover their full mental function, even ~f t h ~ s  exposure IS subsequently reduced 

While the effect of blood lead on I Q  IS too small to be measurable in any 
lndivldual chlld, the lmpllcatlons for the population of chlldren as a whole 
may be signlficant In part~cular, a sh~ft In the mean of the lntelllgence 
d~str~butlon may have a d~sproportlonately large Impact on the numbers of 
chlldren classified as learning-duabled (with IQs less than 80) or glfted 
(wlth IQs exceed~ng 120) 

Schwartz (1 994a) also estimated the effects of lead exposure on schooling and 
l~fetlme earnings of children In the Un~ted States For people of near-normal 
Intelligence, the effect of I Q  on earnings was est~mated at approx~mately a 0 5 
percent change In lifetime earnlngs per one polnt change In I Q  However lead 
exposure In chlldren also reduces the chance of successfully completing school 
whlch tends to reduce both wages and the probabll~t~ of employment Talung 
these effects into account, the present value of the total loss in earnlngs per pgldl 
of lead In blood was calculated at approximately O 6 percent of the total expected 
value of lifetlme earnlngs 

The change In the number of learn~ng-dlsabled and glfted chlldren due to a lead- 
Induced shift In mean IQcan also be calculated Ostro (1997) ~nd~cates that I Q  
IS normally d~str~buted, with a mean of 100 and a standard deviat~on of 16 
Flgure 13 shows the projected effects of changes In blood lead concentratlon on 
mean IQ, and on the percentage of learning-d~sabled and g~fted children, based 
on t h ~ s  distr~but~on funct~on 
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Flgure 13 Effect Of Changlng Average Blood Lead Level 
On Percentage Of Learning-D~sabled And Gifted Ch~ldren I 

I Percent 
Below 80 

Percent 
Above 20 

0 1 2 3 4 5 6 7 8 9 1 0  15 20 25 

Average Blood Level (pgldl) 

Mean - lQ 

5 4 2 Lead And Blood Pressure In Adults 
Numerous studies (Schwartz et al , 1985, EPA, 1990, WHO, 1995, Ostro 
et al , 1997) have shown a correlation between blood lead concentrations in 
adults (especially males aged 40 to 59) and blood pressure The general 
relationsh~~ IS that a doubllng of blood lead concentratlon (e g , from 5 to 
10 pgldl, or from 10 to 20) is associated with an Increase m diastol~c blood 
pressure of 1 9 mm of mercury (Hg) Thls directly increases the probability 
of hypertension (defined as diastolic blood pressure exceeding 90 mm Hg), and 
lndlrectly increases the chance of stroke, heart attack, and premature death Slnce 
both the relations between lead and blood pressure and those between blood 
pressure and the different health outcomes are nonlinear, calculating the change 
in the inc~dence of each outcome 1s complicated Ostro et a l  (1997) glve the 
follovvlng equation for hypertension 

O H  = (1 + exp-(-2 74+b (In PbB1))) ' - (1 + exp-(-2 74+b (In PbB2))) ' (1) 

where 
O H  1s the change In the probab~lity of hypertension due to lead phaseout 
PbB 1 is the present mean blood lead concenuauon 
PbB2 1s the mean blood lead concentration expected after lead phaseout 
b is a regression coefficient, equal to 0 79 +I- 0 48 (95% confidence ~nterval) 

The change In blood pressure due to a change in blood lead concentration is 
given by Ostro et al (1997) as 

ODBP = 2 74 (In PbBl - In PbB2) (2) 

where 
ADBP is the change In dlastol~c blood pressure due to lead phaseout 
PbBl and PbB2 are the lead concentratlons In the blood before and after lead 
phaseout 
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The effects of 
rncreased lead blood 
levels are about twlce 
as great rn men as 
women 

The probablllty that a middle-aged man wlll d ~ e  durlng the next 12 years is 
affected by his diastolic blood pressure For wh~te  males in the Unlted States, 
aged 40 to 59, thls probability 1s glven by Ostro et al (1997) as 

where 
A M  1s change In the probab~lity of death (from all causes) durlng the next 12 

years 
DBPl = dlastollc blood pressure associated w~th present lead exposure 
DBP2 = diastolic blood pressure after lead phaseout equal to DBP2 + ADBP 
b = regression coefficient equal to 0 035 +/- 0 14 

For women aged 40 to 59, they estimate that the effect will be half that for 
men 

Table 12 shows how this calculation would be done for the hypothetical case 
outllned In Table 11 The average blood lead concentratlon among adults in 
thls case 1s assumed to be 10 pgldl, and the mean diastolic blood pressure IS 

assumed to be 85 mm Hg (a inore accurate calculation would cons~der the 
actual dlstr~bution of blood pressure levels among the population) The 
phaseout of leaded gasoline would reduce the mean blood lead concentratlon 
by about 2 2 pgldl The resulting change In blood pressure IS then calculated 
from Equatlon 2 Equation 3 IS then used to calculate the probability that a man 
aged 40 to 59 will die within the next 12 years, based on thls blood pressure 
level Finally, the total change in annual mortality IS calculated by dlviding thls 
value by 12 For women, the change IS assumed to be half as much (Ostro et al , 
1997) 

5 4 3 Lead And Cancer 
A number of the compounds associated wlth leaded gasollne and ~ t s  emis- 
slons are classed as known or potentla1 carcinogens These Include lead itself, 
the lead scavengers ethylene dlbrom~de and ethylene dlchlorlde, and such com- 
bustion products as 1,3 butadlene, benzene, formaldehyde, and acetaldehyde 

Table 12 Calculating The Reduction In Mortality Due 
To A Hypothetical Reduction In Blood Lead Concentrat~on 

Table 13 llsts these compounds, along with the estimated carclnogenlc potency 
of each Although benzene and formaldehyde have received more attention, 1,3 
butadlene IS actually much more Important In terms of cancer nsk, accounting 

Current Blood Lead Level (ugldl) 
Current Mean Blood Pressure (rnmHg) 
Proj 12 Year Mortal~ty 
New Blood Lead Level (ugldl) 
New Mean blood Pressure (mmHg) 
Proj 12 Year Mortal~ty 

Avo~ded DeathslM~ll~on PersonsPlear 
Males 40 59 
Females 40 59 
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10 0 
85 0 

8 75% 
7 8 

84 3 
8 56% 

157 
78 



for two-thlrds of the estimated cancer cases due to toxic a r  contaminants from 
gasollne vehlcles m the Unlted States (U S EPA, 1993) 

Overall, the cancer rlsk due to motor vehlcle emlsslons 1s low relative to the 
risk of non-cancer health effects For the Unlted States, the total number of 
cancer cases due to gasoline-related moblle source emlssions, based on 
upper-bound llmits on carcinogenic potency, was calculated at 459 per year, 
w ~ t h  1,3 butahene accounting for 304 of these For non-catalyst vehicles, 
the relative importance of 1,3 butadlene is even greater 

The arguments 
concern over a 
emlssions with 

of lead additive suppliers, among others, have created publlc 
purported Increase in cancer risk due to increased benzene 
unleaded gasoline These arguments are lnvalld for several 

reasons 

W Increasing benzene and other aromatlc compounds 1s 
only one of several optlons for malung up the difference 
In gasol~ne octane due to the el~mlnation of lead (see 
Chapter 2) 

Benzene emlssions from motor vehlcles would be unllkely 
to increase even d unleaded gasoline contaned more 
benzene and aromatics This u because total hydrocarbon 
emissions tend to be lower w ~ t h  unleaded gasollne (see 
Chapter 8) 

Most important, overall cancer risk would be reduced due to 
the reduction in other carcinogenic compounds, especially 
1,3 butadiene and lead 

There is also some evidence that MTBE, a gasoline additlve often used as a 
subst~tute for lead, may be weakly carcinogenic, although a formal determlnatlon 
of its carcinogenicity has not been made Relatively llttle MTBE survlves the 
combustion process, however In emlsslon measurements on non-catalyst 
Mexlcan vehlcles uslng fuel with 7 percent MTBE by volume, MTBE made up 
only about 2 7 percent of the exhaust hydrocarbons (IME 1994) Because 
blending MTBE reduces benzene and 1,3 butadlene emissions, it is estlmated to 
create a net reduction in cancer rlsk (Cal~fornla EPA, 1998) 

Average of 19 non catalyst vehicles In Mexlco (IMP 1994) Fuel was 1 4% benzene 18% 
fromatas and 10% olefins 

U S EPA (1 993) 

Table 13 Carcinogenic Compounds Associated 
With Gasoline Combustion 

Overall, the cancer rrsk 
due to toxrc 
contamrnants from 
gasolrne motor vehrcle 
emrssrons IS low 
relatrve to  the rrsk of 
non-cancer health 
effects ?,3 butadrene 
accounts for two-thrrds 
of the estrmated cancer 
cases caused by these 
emlssrons rn the Unlted 
States 

Compound 

1 3 Butad~ene 
Benzene 
Formaldehyde 
Acetaldehyde 
lnorgan~c lead 
Ethylene dibrom~de 
Ethylene d~chlor~de 

To calculate the potential change in cancer lncldence due to gasoline composition 

changes resulting from lead phaseout, it is necessary to know the existlng levels 
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Cancer 
Class 

A 
82 
B1 
B2 
B2 

Un~ t  R~sk 
95% U B 

280E04 
830E 06 
1 35E 05 
2 20E 06 
1 20E 05 
7 10E 05 
2 20E 05 

Est Casy  
~n U S 

304 
70 
44 
5 3  

T Y P ~ c ~ ~  Nan Catalyst ~ ~ ~ s s l o n s *  
mg/km benzene eq 

88 2 954 
83 83 
79 128 
N A N A 
48 69 
N A N A 
N A N A 



of exposure to gasol~ne-der~ved carcinogens This can be estimated by air d~sper- 
slon modellng or by directly measuring amb~ent concentratlons A procedure for 
malung such measurements IS glven by EPA (1997) 

Unless a major non-gasol~ne emlssion source IS present such as a chemical 
plant, gasol~ne combustion is the maln contr~butor to lead, benzene, and 1,3 
butad~ene in the urban atmosphere (EPA, 1993) As a first approximation, 

therefore, one can estimate the effects of a change In gasol~ne composition by 
m u l t ~ p l ~ ~ n g  the measured or estimated ambient concentrations of benzene 
and 1,3 butadiene in the atmosphere by the percentage change In these 
emissions from gasol~ne veh~cles To the extent that other sources contr~bute 
to these pollutants, t h~s  will overestimate the Impact of the change In 
gasoline composition 

Amb~ent benzene concentratlons In urban areas of the United States range 
from about 4 to 7 pg/m3, while 1,3 butad~ene concentrations range from 0 12 to 
0 56 pg/m3 In Bangkok, a r~sk assessment by the U S Agency for Internat~onal 
Development est~mated amb~ent concentrations at 3- 14 pg/m3 for benzene and 2 
pg/m3 for 1,3 butad~ene In Australia, the average ratio of 1 3 butad~ene to 
benzene concentratlons In a traffic tunnel was O 2 1 To Illustrate the potential 
impacts of a change in gasol~ne composltlon, ~ n ~ t ~ a l  concentratlons of 10 pg/m3 
for benzene, 2 pg/m3 for 1,3 butadiene, and 1 4 pg/mZ for lead were assumed As 
an extreme example ~t was assumed that the changes In gasollne formulat~on due 
to lead phaseout Increase benzene emlsslons by 50 percent, wh~le reduc~ng 1,3 
butadiene emlsslons by 7 percent and lead emlsslons by 100 percent It was 
further assumed that MTBE concentrations increase from zero to 15 pg/m3 as a 
result of the lead phaseout The total population of this hypothet~cal city, 5 
mlll~on persons, IS assumed to be exposed to these changed concentratlons 

Table 14 shows the result~ng change in cancer r~sk In this case, the small 
increase In cancer risk due to the h~gher benzene concentratlon 1s more than 
offset by the reductions In 1,3 butad~ene and lead, resulting in a net reduc- 
tlon In the 95 percent upper-bound r~sk of cancer of 0 8 cancer cases per 
year out of 5 mlll~on persons exposed Compared with the changes In lead- 
related non-cancer mortal~ty calculated In Section 5 4 these impacts are negli- 

95% upper bound est~mate of the r~sk of acqulrlng cancer due to exposure to 1 pg/m3 concentra 
t~on over a 70 year human l~fet~me 
+ Un~t r~sk x concentratlon x 5 000 000 exposed populat~on / 70 years 
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5 5 Economlc Value Of Reducing Adverse Health 
Impacts 

As outllned earlier, reducing lead emissions can be expected to result In 
quantifiable reductions in hypertension, stroke, heart attacks, and premature 
death In adults, an Increase In the average intelligence and lmprovements in the 
learning performance of children born In the future, and a future reduct~on In the 
number of mentally handicapped chlldren In order to compare these benefits 
with the costs of phasing out lead In gasoline, ~t is useful to express these benefits 
in monetary terms In other words, lt 1s necessary to place an economic value on 
such mtangibles as death and d~sability, or at least on the avo~dance of these 
problems 

A lower bound for the economlc value to society of avoilng premature 
death, disab~lity, or illness can be establ~shed by cons~dering the directly 
measurable costs of medlcal treatment for illness and compensatory educa- 
tion to overcome learn~ng disabdities, as well as the calculable costs of lost wages 
or reduced earning power However, these directly calculable economic losses are 
only a small part of the entlre picture, as they fa11 to account for the Inherent 
value that people place on their lives and those of their loved ones, or for the 
harm suffered to peoples enjoyment of life due to d~sease or disabdity 

A fundamental tenet of economics is that the value of anythmg is determined by 
what people wlll pay for it Although money is certanly not an adequate 
measure of the grief and loss suffered by someone who is cr~ppled or the family 
of someone who d~es  prematurely due to stroke or heart attack brought on by 
hypertension, or of a mentally hand~capped child, it is poss~ble to measure the 
amounts that people are willing to pay to reduce thelr r~sk of suffering such 
hazards (or, alternatively, the amounts that they are willing to accept a .  compen- 
sation for bearing an increased r~sk) By assessing this "w~ll~ngness to pay" 
(WTP) to reduce risk, or the compensatlon demanded to accept an ~ncreased 
risk, it 1s possible to assess the value that people place on reduclng the~r r~sks of 
death or Illness 

Most of the available WTP studies have focused on the value to be Imputed to 
reduc~ng the risk of premature death, as th~s  is generally the dominant factor In 
the calculation of health benefits Madd~son et al (1997), m a study for the 
World Bank, reviewed the literature on the WTP to reduce the risk of death, and 
have adapted the results to the conditions common In developing countries In 
developed countries such as the United States, the ~mputed value of a statistical 
life saved (VOSL) has been est~mated at around US $3 6 million This should 
not be interpreted as the "value" of saving any one individual life - a quantity 
that involves both theoretical and moral problems Instead, ~t should be inter- 
preted as the value Imputed to reducing the risk of premature death by a small 
increment for a large populat~on - for example, the value of reduclng by one 
chance In a mlllion the r~sk experienced by one mdlion persons Madd~son et al 
suggest that this value should be reduced to $3 2 million for pollution-related 
deaths in the Un~ted States, because the people at greatest r~sk are generally older, 
w ~ t h  fewer years of life remaning than those dying as a result of traffic acc~dents 
or industrial hazards 

People's willingness to pay to reduce risks depends on their income - countries 
with h~gher incomes are generally w~lling to pay more For this reason, VOSL 

To quantrfy the benefrts 
of phasrng out lead rn 
gasolrne, rt 1s necessary 
to  place values on such 
th~ngs as death and 
drsabrlrty, or on the 
avordance of these 
problems 

In economrcs, the 
value of anythrng IS 

determrned by what 
people wrll pay for rt 
By assessing people's 
"wrllrngness to  pay" to  
reduce rrsk or what 
they are "wrllrng to  
accept" as compen- 
satron for an rncreased 
nsk, rt IS possrble to  
assess the value that 
people place on 
reducrng therr rrsks of 
death or rllness 
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Most of the calculable 
economrc benefits due 
to lead phaseout result 
from the reduced rrsk 
of premature mortalrty 
for adults, and the 
lmprovement rn 
educatronal perfor- 
mance and future 
productrvrty and 
earnrngs of chrldren 

One researcher found 
that the benefrts of 
reducrng blood level 
concen~ratrons In U S 
chrldren by 1 pg/dl 
would have a net 
present value of nearly 
$7 brllron For adults, 
thrs frgure exceeds $10 
brllron 

estlmates for develop~ng natlons tend to be lower than those for the Unlted 
States In them work for the World Bank, Maddison and coworkers derlved 
VOSL values for citles representing a range of middle-income and lower-income 
countries These Included Sant~ago de Ch~le, Shanghai, Manila, and Mumbai 
Other VOSL estlmates have been developed by Conte Grand (1998) for Buenos 
Ares, and Shetty et al (1994) for Bangkok 

Most of the calculable economic benefits due to lead phaseout result from 
the reduced risk of premature mortality for adults and the lmprovement In 
educational performance and future productlv~ty and earnlngs of chlldren 
Schwartz (1994b) rev~ewed all of the maln health effects of lead In an 
attempt to quantify the soc~etal benefits of reduclng lead emissions in the 
Un~ted States W ~ t h  respect to the economlc impacts of neurobehavloral 
problems In children, Schwartz calculated the combined effects of lower IQ, 
reduced probability of completing school, and reduced partlcipatlon in the 
workforce due to a 1 pgtdl Increase in blood lead concentration as a reduct~on of 
US $1300 (0 6 percent) In the net present value of llfetime earnlngs for a child 
turning 6 years of age 

Table 15 summarizes the results of Schwartz's calculat~ons As t h ~ s  table shows 
Schwartz calculated the net present value of Increased earnlngs due to reducing 
blood lead concentrations in U S children by 1 pgtdl to be more than US $5 0 
b ~ l l ~ o n  per year Total benefits to ch~ldren were calculated at $6 9 billion, with 
reduced Infant mortal~ty accounting for more than $1 1 bllllon, and reductions 
In the costs of medical care and compensatory education accounting for $0 8 
bllllon For adults, Schwartz valued the total benefits at $10 6 b~llion, of which 
$9 9 billion 1s attr~buted to reduced mortality, $0 6 billion to med~cal cost 
savlngs, and $0 1 bill~on to lost wages due to Illness Thus these two maln 
effects account for more than 85 percent of the total benefit In calculat~ng these 
values, Schwartz used a VOSL estimate for the Un~ted States of $3 0 mllllon for 
both Infants and adults, which IS toward the low end of the range of recent 
VOSL estlmates 

Source Schwartz (1 994b) 
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6. CONDUCTING A COST-BENEFIT 
ANALYSIS 

The select~on of a lead phaseout strategy should take into account the costs 
and benefits of the different alternatives, and such considerat~ons as techni- 
cal and polit~cal feasibihty, the legal bas~s for the strategy, equity among 
various soc~al sectors, and acceptab~lity to political decision makers and the 
publ~c Ideally, the strategy selected should be the one wlth the greatest net 
benefits among those strategles that are techn~cally feasible, legally viable, 
equitable, and acceptable 

This chapter first explans the purpose of a cost-benefit 
analysis and describes the m a n  components of a lead phaseout 
cost-benefit andys~s 

Next, ~t discusses the specific lead phaseout strategies 
~mplementers should cons~der In the~r  cost-benefit analyses, 
stressing the inclus~on of a strategy where lead content 1s 
reduced as much and as quickly as poss~ble 

Last, t h ~ s  chapter shows how the benefits and costs of lead 
phaseout are calculated under two hypothetical strategles a 
near-term strategy that seeks to reduce the lead content of 
gasoline as quickly as poss~ble, and a longer-term strategy 
that delays lead phaseout untll new refinery process units 

can be constructed 

The Steps In Selecting A Lead Phaseout Strategy 

1 Identify alternative phaseout strategles 
Flrst, rmplementers should ldentlfy a number of alternat~ve phaseout 
strategres that are technlcally feaslble and legally vrable 

2 Assess net costs to the publlc and the publ~c health benef~ts of 
each strategy 

In thls step, lmplementers should seek to quantify, to the extent pos 
able, the soclal costs and benefrts cf each strategy 

3 Select preferred phaseout strategy 
Last, lmplementers should assess the strategles to determine whlch of 
them are technlcally feaslble, legally vrable, equitable, and acceptable 
to decrslon makers and the public, and from them, select the strategy 
wlth the greatest net benefrts 

G 1 Cost-Benefit Analysis And Strategy Selection 
Cost-benefit analys~s is a technique for comparing the costs and the benefits 
of alternat~ve courses of actlon, considered from the viewpoint of the soclety 
as a whole (For the purposes of cost-benefit analysis, "soc~ety" can be 
considered to comprlse the entlre human populat~on affected pos~tively or 
negat~vely by a given dec~sion - for Instance, the entire nat~onal populat~on 
if a decision IS of national Importance ) 
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Cost-benefrt analysrs 
helps rmplementers to  
determrne the course 
of actron that wrll result 
rn the greatest net 
benefrts (total benefrts 
mrnus costs) for the 
soclety affected by a 
decrsron f i r s  rs an 
rmportant technrque rn 
envrronmental decrsron 
makrng, where the 
costs can be qurte 
large and the benefits 
drflrcult t o  quantrfy 

The cost-benefit 
analysrs performed .to 
assess the proposed 
lead phaseout rn the 
Unrted States was 
rnstrumental rn creatrng 
a strong consensus for 
actron and rn reversrng 
polrcres that had 
weakened controls on 
leaded gasol~ne 

The purpose of cost-benefit analysis is to determine the course of action that will 
result In the greatest net benefits (that is, total benefits mlnus costs) for the 
society In questlon Wh~le  not ~nfall~ble, a rigorous cost-benefit analysis can help 
government leaders and leg~slators to avoid costly errors and to make the best use 
of l ~ m ~ t e d  resources Cost-benefit analysis is espec~ally useful In settlng priorities 

and malung decis~ons in the environmental field Such dec~sions often Involve 
s~~nificant economlc costs, wh~le the benefits of Improved health and well-being 
may be more d~fficult to quanr~fy While cost-benefit analys~s cannot substitute 
for value judgments or moral decis~ons, it can often help to clarify such judg- 

I ments and the stakes Involved In such decls~ons 

By providing a clear quantification and comparison of the costs and benefits 
of a glven decision, cost-benefit analys~s can also help to resolve concroversies, 
overcome opposition, and secure publlc and polit~cal support for pol~c~es 
that are clearly just~fiable on cost-benefit grounds For example, the rigorous 
cost-benefit analys~s performed for the proposed phaseout of leaded gasol~ne 
in the Un~ted States (Schwartz et al , 1985) created a strong consensus for 
lmmedlate action, and led to a sharp reversal In the exlsting policy, which 
had previously been to weaken controls on leaded gasol~ne Such a consensus 
would have been very d~ficult  to develop in the absence of the clear conclu- 
slons derlved from the cost-benefit analysis 

1 G 2 Cost-Benefit Cornparlson OfAlternat~ve Strateges 
A cost-benefit analysis of alternat~ve lead phaseout strategles should beg~n 
w ~ t h  a defin~t~on of the d~fferent strategles under cons~deration The analyst 
should then seek to quantify, to the extent poss~ble, the soc~al costs and 
benefits of each strategy 

In evaluat~ng soclal costs, cost-benefit analysts normally focus on the acrual 
consumption of resources (labor, goods, and serv~ces) available to society, 
excluding from cons~deration the effect of transfer payments These payments 
shlft resources from one economlc actor to another, but do not directly 
reduce the overall stock of goods and services ava~lable 
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Soclal Costs Vs Transfer Payments 

The soclal cost of a liter of gasoline in the refinery or in the 
port 1s generally evaluated as equal to the amount that a 
country would have to pay to purchase it from abroad (In 
the case of Importing nations) or would receive from selling 
it abroad Instead of uslng ~t at home (In the case of export- 
ers) In both cases, th~s  amount is the international price of 
gasollne, adjusted for applicable transport costs 

The transportatlon, dlstr~bution, and retail marketing of 
gasoline also involve the consumption or exclusive utlllzation 
of social resources such as labor, transport, buildings, and 
land, resulting In real social costs that must be taken into 
account In the cost-benefit analys~s, where appl~cable In 
contrast, a government tax on gasollne does not result m the 
consumption of resources, but only transfers them from the 
consumer paylng the tax to the government It 1s thus a 
transfer payment, not a cost 

In the case of lead phaseout, the prlnclpal soclal wst wtll be the Increase In 
the cost of producing gasollne of a specrfied octane quality, whlle the princl- 
pal benefits wlll be the reduct~ons In the adverse health effects due to lead 
exposure and the savlngs on automotive mantenance costs experienced by 
veh~cle owners Methods for estlmatlng the change In refinlng costs due to 
lead phaseout were hscussed tn Section 2 7, whlle a method for quantlfjmg 
the mantenance benefits was demonstrated In Sect~on 3 4 Because both 
refin~ng costs and maintenance benefits are expressed in monetary terms, 
their quantlficatlon is relatively straghtfonvard, and does not depend on 
questions of values (however, because of the complexity of the refining sector, 
considerable effort may be requlred to arrive at an accurate estimate of 
refining cost changes) 

Quantifying the health benefits of lead phaseout 1s more comphcated, as 
these benefits are very much linked to human values As outllned In Chapter 
5, the maln ~denttfiable health benefits due to lead phaseout are the reduc- 
tlons In the tnc~dence of hypertens~on, stroke, heart attack, and premature 
mortality due to lower blood lead concentrations In adults, In children, they 
Include reduct~ons In the loss of IQ polnts (and assoc~ated earning power) 
and decreased lnc~dence of developmental d~sablllt~es Of these, the changes 
in adult mortality and children's average I Q  account for most of the benefits 
that can be quantified and expressed in monetary terms In the interest of 
saving analytical time, the analyst may w~sh to confine his or her attention to 
these factors While omitting other, smaller health benefits from conslder- 
ation will tend to blas the overall estlmate downwards, this IS unllkely to 
affect the ult~mate conclusions, as even very conservative estimates of the 
benefits of lead phaseout have generally exceeded the costs by a factor of 10 
or more 

In lead phaseout, the 
prrncrpal socral cost wrll 
be the Increase rn the 
cost of producing 
gasolrne of a specrfied 
octane qualrty The 
princrpal benefits wrll 
be reductions rn 
adverse health effects 
and savings on 
automotrve 
mamtenance costs 

Even very conservative 
estimates have found 
that the benefits of lead 
phaseout generally 
exceed the costs by a 
factor of ten or more 
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In thelr cost-benefit 
analyses, ~mple- 
menters should 
cons~der at least one 
strategy In whrch the 
lead content rn ex~str~ 

. . 19 
leaded gasoline 
grades 1s reduced as 
much as posslble and 
as qulckly as poss~ble 

6 3 Potentlal Lead Phaseout Strateg~es 
Potentlal strategles for lead phaseout were discussed in Sect~on 2 7 In 
general, ~t is recommended that the cost-benefit analyst consider several 
d~fferent lead ~haseout strategles involving d~fferent generlc approaches to 
meetlng the octane deficit due to removlng lead The addlt~onal refining 
costs Involved In each strategy, as well as any Incremental costs for fuel 
transportatlon, d~stnbut~on,  and marketing, should be taken Into account 
These should then be compared w ~ t h  the benefits of reduced automotive 
mantenance costs, reduced m o r t a l ~ t ~  in adults, and improved intell~gence In 
children If adequate analytical resources are avalable, other benefits can also 
be Included These include the savings In medical costs due to reduced 
incidence of hypertens~on, stroke, and heart d~sease, reductlons In the cost of 
remedlal educat~on for children, and reductlons in the cost of medical 
treatment for lead toxlcity 

The spec~fic lead phaseout strategies to be considered In each case wlll 
depend on each country's sltuatlon ~ t s  gasollne consumption levels, gasollne 
sources (espec~all~ the degree of rel~ance on local refining), the equlpment 
already Installed at local refineries, plpellne and port capacity, and related 
issues It IS strongly recommended, however, that the set of lead phaseout 
strategles cons~dered include at least one strategy In whlch the lead content 
of exlstlng leaded gasollne grades 1s reduced as qulcMy as poss~ble, and by as 
much as possible - uslng measules such as the blending of lrnported MTBE, 
alkylate or other h~gh-octane blendstocks, revamping of catalytic reformers, 
and other steps as necessary to achieve the greatest poss~ble lead reduction In 
the shortest tlme Although this rap~d phaseout approach wlll often result In 
h~gher gasollne production costs than a slower approach based on upgrading 
refinery processing equlpment, the benejts of earlzer reductzon zn lead emzsszons 
usually outwezgh the addztzonal costs 

6 4 Example Of Cost-Benefit Compmson 
This section presents an example of a cost-benefit comparison for the hypo- 
thetlcal case and two hypothetical strategles developed In prevlous chapters 

Hypothetzcal case Chapter 5 est~mated the probable reductlons In amb~ent 
lead levels and average blood lead concentrations due to a glven reduct~on m 
total lead emissions In a hypothetlcal clty 

Hypothencal strategzes Sect~on 2 7 developed costs for two hypothetlcal lead 
phaseout strategies 

A near-term strategy uslng MTBE and Imported hlgh-octane blending 
components, along wlth increased reformer severlty and some upgrading 
of reformer catalyst, to reduce the lead content of regular gasollne to 0 1 
%/liter whlle ellmlnatlng lead ent~rely from premlum gasoline 

A longer-term strdtegy to ach~eve higher octane levels by addlng new 
refinery process unlts such as lsomerlzation, alkylation, and catalyt~c 
reforming 
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In the first, or slow phaseout strategy, refiners begin planning and building new 
process units In Year 1, in order to be able to eliminate the need for lead 
additives beginning in Year 4 In the second quzck phaseout strategy refiners 
also begin planning and building process units in Year 1 to eliminate all 
need for lead in Year 4 In the meantime, however, they carry out the near- 
term strategy outlined in Section 2 7 - blending MTBE and imported high- 
octane components into both regular and premium grades, thus reducing 
annual lead emissions In the hypothet~cal city from 700 tons to 50 tons 
Table 16 shows the effect of each strategy on arnblent lead concentrations 
and average blood lead levels among adults and chlldren 

Below, these two hypothetical strategies are applied to this hypothetical case 
Exlsting gasollne sales under the status quo are assumed to comprlse 500 
million liters of regular and 500 million liters of premium per year, with 
lead contents of 0 7 %/liter m each case 

- - . .  - 

To complete the benefits assessment, ~t is necessary to estimate the effect of 
the change in blood lead concentrations among adults on the mortality rate, 
and thus to calculate the number of premature deaths avoided under each 
strategy 

Table 16 Effect Of Lead Phaseout Strateg~es On 
Blood Lead Concentrat~ons Hypothet~cal Case 

Table 17 shows the results of this calculation The reduction in mortality 
among adults aged 40 to 59 can then be multiplied by the number of 
people in that age cohort to calculate the change in the total number of 
deaths 

Leaded gasollne sales 
Lead concentratlon In gasollne 
Annual lead emlsslons 
Avg lead concentrat~on ~n alr 

Calczllattng the benefits to adults In order to express the benefit of this 
mortality reduction In monetary terms, the change in the number of deaths 
per year must be multiplied by an estlmate of the value of a statist~cal l~fe 
(VOSL) For this hypothetical case, it was assumed that the total size of the 
cohort aged 40 to 59 is 500,000 persons For conservatism, a relatively low 
value for VOSL of US $200,000 was assumed This 1s the value suggested 
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Values 

1 000 
0 7 

700 
1 4  

Unlts 

mlllron llters per year 
grams per l~ter 
tons Pb per year 
grams per cublc meter 

Effect of Low-Lead Regular wlth Unleaded Premlum 

Annual lead emlss~ons 
Avg lead concentrat~on ~n alr 
Avg lead ~n blood adults 
Avg lead ~n blood chlldren 

650 
1 3  
2 6 
5 2 

tons Pb per year 
grams per cublc meter 
micrograms per declllter 
micrograms per declllter 

Effect of El~mlnatlng Lead 

Annual lead emlsslons 
Avg lead concentrat~on ~n alr 
Avg lead ~n blood adults 
Avg lead ~n blood chlldren 

700 
1 4  
2 8 
5 6 

tons Pb per year 
grams per cublc meter 
micrograms per declllter 
micrograms per declllter 



I for Shanghai, Manila, and Mumba~ by Maddison et al (1997) The benefits 
calculated In thls way amount to about US $ 30 mill~on per year, as shown 
In Table 18 

Table 17 Effect Of Changes In Adult Blood Lead 
Concentrat~ons On Mortality Hypothetlcal Case 

Calcuhtzng the bentfzts to cbzldren Table 18 also shows how to calculate the 
benefits of reduced blood lead In children Here, the m a n  effect 1s the 
increase In average IQ, and thus the Increase In the present value of llfetlme 
earnlngs Schwartz (1994b) calculated t h ~ s  benefit as 0 6 percent of lifetlme 
earnlngs per pgldl of blood lead at age SIX The net present value of lifetime 
earnlngs was assumed to be US $40,000 in this case about one-surth of the 
estlmate developed by Schwartz for the United States T h ~ s  is consistent with 
the assumprion of a relatively low income level, as In Shanghal or Manila 
The resulting change in llfet~me earnlngs is somewhat more than 3 percent, 
for a total of around $1300 per SIX-year old child Here, lt was assumed that 
100,000 children turn 6 years old each year, glving a net benefit in the 
ne~~hborhood of $130 rnlll~on The benefits are sllghtly less for the low-lead 

1 strategy, and slightly more for the zero-lead strategy 

Current blood lead level (pgldl) 
Current mean blood pressure (mmHg) 
Pro] 12 year mortality 
New blood lead level (pgldl) 
New mean blood pressure (mmHg) 
Pro] 12 year mortality 

Avo~ded deathslm~ll~on personslyear 
Males 40 59 
Females 40 59 

Table 18 Calculation Of Populat~on-W~de 
Health Beneflts Hypothetlcal Case 
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Change In lead emlsslons 
Change In adult blood lead 
Adults 40 59 affected 
Change ~n mortality 40 59 
Assumed value of statlstrcal llfe 
Monet~zed adult beneflt 

Change In chlld blood lead 
Change In avg ch~ld IQ 
Change In avg llfetlme earnrngs 
Monetized beneflffch~ld 
Chlldren affected 
Total ch~ld la benefrt 

Total health benef~ts 

Low Lead 

10 0 
85 0 

8 75% 
7 4  
84 2 

8 52% 

190 
95 

Zero Lead 

10 0 
85 0 

8 75% 
7 2  
84 1 

8 50% 

207 
103 

Low Lead 

650 
2 6 

500 000 
142 

$200 000 
$28 

5 2 
1 33 

3 12% 
$1 248 
100 000 

$125 

$1 53 

Zero Lead 

700 
2 8  

500 000 
155 

$200 000 
$31 

5 6  
1 43 

3 36% 
$1 344 
100 000 

$1 34 

$165 

Units 

tons per year 
rnlcrograms per dec~l~ter 
persons 
deaths /year 
US$ 
rnllllon US$ 

rnlcrograms per declllter 
IQ polnts 

US$ 
persons 
rnlllron US$ 

milllon US$ 



Table 19 Cost-Beneflt Comparison Of Lead 
Phaseout Strateg~es Hypothetical Case 

Results Table 19 compares the overall costs and benefits of each strategy To 
slmpllfy the calculation, the costs of the refinery Investment are assumed to 
be Included In the cost of the fuel (from Table G), and are not accounted for 
separately As thls table shows, the slow phaseout strategy results ln no 
dlfference In he1 cost or lead emissions durlng the first three years, and thus 
no dlfference in the costs or benefits compared to the status quo Once the 
lead phaseout takes effect in Year 4, however, the net benefits amount to US 
$206 milllon per year 

In thls hypothetical case, the change In gasollne costs 1s very small compared 
to the health benefits, or even to the reduction in vehlcle mantenance costs 
alone Although the quick phaseout strategy results In hlgher near-term costs 
of gasoline production, the benefits of rapidly reduclng lead emissions are 
more than 14 times greater than these costs, result~ng In net benefits of US 
$180 mllllon per year The dlfference in the total net present value of 
benefits, compared to the slow phaseout scenario, u $447 milllon 
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Yr 1 Yr 4 Yr 2 

Status Quo 

Yr 5 Yr 3 

Added gasollne costs (m~ll~on US$) 
Vehlcle malnt savlng (m~ll~on US$) 
Lead emlsslons (Vy) 
Health benef~ts (m~ll~on US$) 

5 yr NPV 

0 
0 

700 
0 

Slow Phaseout 

0 
0 

700 
0 

0 
0 

700 
0 

Added gasollne costs (m~ll~on US$) 
Veh~cle rnalnt savlng (m~ll~on US$) 
Lead emlsslons (Vy) 
Health benef~ts (m~ll~on US$) 
Total benef~ts compared to status quo 

0 
0 

700 
0 

0 
0 

700 
0 

0 
0 

700 
0 
0 

$0 
$0 

$0 

0 
0 

700 
0 

Qulck Phaseout 

0 
0 

700 
165 
206 

0 
0 

700 
0 

Added gasolrne costs (m~ll~on US$) 
Vehlcle rnalnt savlng (m~ll~on US$) 
Lead ern~sslons (tly) 
Health benef~ts (m~ll~on US$) 
Total benef~ts compared to status quo 
Total benef~ts compared to slow phaseout 

0 I 0 

6 2  
47 

0 
165 
206 

136  
40 
50 

153 
180 
180 

$8 
$61 

$216 
$269 

136 
40 
50 

153 
180 
180 

1 3 6  
40 
50 

153 
180 
180 

6 2  
47 
0 

165 
206 

0 

6 2  
47 
0 

165 
206 

0 

$42 
$161 

$597 
$716 
$447 



7. CHOOSING POLICY INSTRUMENTS I 
The policy lnstruments avallable for lmplementlng a lead phaseout strategy 
depend on the legal system, the ownership structure of any exlstlng refiner- 
les, and the pollcy and/or regulatory framework governing motor vehlcle 
fuels and thelr dlstrlbut~on 

Examples of znstruments Some of the most Important lnstruments avallable 
for lead phaseout Include 

Dtrect actzon Governments can take dlrect actlon when they own or 
control the refinery, or when they purchase fuel for the country's own 
use Examples of dlrect action mlght include dlrectlng a state-owned 
refinery to reduce ~ t s  use of lead, or speclfilng low-lead or unleaded 
gasollne for government purchases 

Regzlkztory "command and control" measures Examples of these 
Instruments Include llmltlng the maxlmum lead content of gasollne, or 
prohibiting imports of lead addltlves and gasollne contanmg them 

Market-based zncentzves Examples of these Instruments mlght Include a 
tax on lead addltive Imports, on leaded gasohne, or (preferably) on the 
lead content of gasollne 

Publzc znformatzon measures These lnstruments, whlch are discussed In 
Chapters 10 and I I, Include such actlons as requlrlng gasollne lead content 
to be posted at the service statlon, publlclzlng the adverse health Impacts of 
lead from gasohne, and malung consumers aware of the savings In 
mantenance costs posslble with low-lead or unleaded fuel 

Where legally feasible, market-based measures are generally preferable to 
command-and-control regulations The declslon to add lead to gasollne IS an 
economlc one on the part of the refiner - lead u the cheapest way of achlev- 
lng the necessary octane level By changlng market condmons so that this IS 

no longer true, refiners can be Induced to reduce, and ultimately ellmlnate, lead 
use as quickly as posslble The flexlblllty of market-based lncentlves also helps to 
reduce the chances of a regulatory mlstake - allowing too llttle tlme for the 
necessary changes (and thus disrupting the gasoline market) or allowing too 
much tlme, and thus allowing the health damages due to leaded gasollne to 
contlnue longer than necessary 
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After discussing the issues that surround the ownersh~p 
structure of a country's refinlng sector, this chapter compares 
two important pollcy instruments that can be used in a lead 
phaseout strategy 

Command-and-control instruments, whlch involve the 
government mandating the actions of industries or indiv~du- 
als 

Market-based incentives, which allow lndustr~es or indiv~du- 
als more flex~bil~ty In their decisions, but provide lncentlves 
and dislncentlves for particular dec~s~ons 

It then reviews the lessons learned from employing these 
pol~cy instruments in the United States 

Ownershzp structure conszderatzons Where petroleum refinlng and distribu- 
tion are carried out by the prlvate sector, the maln concerns are generally to 
define the quickest phaseout schedule ach~evable without disrupting the 
gasol~ne market, and to Incorporate sufficient flex~bllit~ in the regulations to 
accommodate leglt1mate d~fferences in the time per~ods required for different 
refineries to comply The monitoring and enforcement of compl~ance with 
the schedule should also recelve careful attention, and ~t may be necessary to 
overcome polltlcal opposition from refinery owners Where petroleum 
refineries are owned by the government, these issues are generally less 
d~fficult, but the mobilizat~on of adequate funds for refinery investments 
may present a significant problem 

The Steps In Choos~ng Pol~cy Instruments 

1 Identify legal authority 
lmplementers should first Identify the legal authority or authorities 
available as a basis for policy instruments 

2 Assess available policy Instruments 
Next, they should assess the types of instruments that are legally 
permlsslble under the author~ty(les) identified For example govern 
ment agencies often have the authority to llmit or prohibrt the emlsslon 
of toxic substances, but may requlre new legislation In order to 
change the tax rates on fuel 

3 Evaluate theUflt" between strategy and Instruments 
lmplementers should then assess the compatibility between the 
strategy chosen and the Instruments available They should carefully 
review existlng regulations and legislat~on to ensure that these do not 
present a barrier to the changes required For example, gasoline 
quality regulations sometimes specify mmimum as well as maxlmum 
lead content, or they may fix maximum llmits on ethers or other 
components at lower levels than necessary 

4 Select "best" comblnatlon of instruments 
Last, implementers should select the best combination of instruments, 
considering their effect~veness, costs and benefits, tlming, flexibrllty, 
and pol~tical acceptance 

78 IMPLEMENTER'S GUIDE TO PHASING OUT LEAD IN GASOLINE 



7 1 Command-And-Control Instruments 
In most countnes, government agencles already have been granted authority 
to set and enforce quality and composition standards for motor fuels They 
wdl often have the authority to limn or prohiblt the use of harmful additives 
such as TEL The legal bass for such limitations might be found either in 
the demonstrable damage to human health due to lead emissions, or, 
alternatively, in the harmful effects of lead and lead scavengers on engines 

The transition from leaded to unleaded gasoline cannot occur overnight 
Thus, command-and-control regulations must allow enough time for the 
refinlng industry to adjust to the phaseout requirements The amount of 
tlme requlred will vary depending on the situation in each country, ~nclud- 
ing the avalablllty of excess domestic octane-producing capacity, the aval- 
ablllty and cost of imported octane enhancers such as MTBE and high- 
octane gasoline blendstocks, and the capacity of ports and transportation 
systems to handle imports of these materials 

It is Important that the amount of tlme allowed for Industry to comply not 
be too short, as thls may result In disruptions of the gasollne market, whlch 
in turn are l~kely to lead to a reversal of the lead phaseout decis~on on 
polltical grounds On the other hand, the grace period allowed for compli- 
ance should not be longer than necessary, In order to minimize the adverse 
Impacts on human health and the environment 

The example of Egypt shows that lead phaseout can proceed very quickly - 
within a few months - given favorable circumstances and adequate availabil- 
ity of hlgh-octane blending components such as MTBE The refining 
industry wlll generally argue for a longer grace period Unless the agency 
involved has such expertise ~n-house, it is generally advisable to seek the 
advice of expert consultants in determining the length of any grace period 
allowed, and the maxlmum lead levels to be allowed In gasoline during the 
Interim 

In most countnes, 
government agencres 
already have been 
granted authorrty to  set 
and enforce qualrty and 
composrtron standards 
for motor fuels 

Because rt takes trme to 
make the transrtron 
from leaded to 
unleaded gasolrne, 
command-and-control 
regulatrons must allow 
enough t ~ m e  for the 
refrnrng rndustry to  
adjust to  the phaseout 
requrrements 
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When desrgnlng 
phaseout regulatrons, 
rmplementers should 
cons~der ways to 
monrtor and enforce 
complrance 

Lead Phaseout In Egypt 
A Rapid Reducuon Strategy Succeeds 

The Arab Republic of Egypt has moved rapidly to phase out 
leaded gasoline In 1994, a health risk assessment funded 
by the U S Agency for International Development (USAID) 
estlmated that lead exposure from all media was responsible 
for 6,500 to 11,600 heart attacks per year, 800 to 1,400 
strokes, and 6,300 to 11,100 premature deaths among 
Cairo residents aged 40 to 75 (Sessions et al, 1994) Each 
year, 820 infants were projected to die as a result of low 
blrth weight due to maternal lead exposure, and children in 
Cairo were projected to lose an average of 4 25 I Q  points 
each Annual mean concentrations of alrborne lead in Cairo 
ranged from O 5 to 10 pg/m3 at different monitoring sites 
About two-thirds of the lead emissions were estimated to be 
due to leaded gasoline The remaining third was estimated 
to be due mostly to the recycling of lead-acid batteries in 
secondary lead smelters - all of which lacked emisslon 
controls, and many of which were located In resident~al 
areas 

In response to this assessment, the Ministry of Petroleum 
dlrected the state-owned refining industry to eliminate lead 
additive use as rapidly as possible By malung process 
changes and blending 15 percent MTBE In gasoline, the 
Egyptian refinlng industry was able within six months to 
eliminate lead from 85 percent of the gasoline sold in Egypt, 
and to ellminate all sales of leaded gasoline in the Cairo 
Metropolltan Area The remaining 15 percent of leaded fuel 
is produced by two refineries In upper Egypt, and ~t 1s 
expected that these will be upgraded to ellminate the need 
for lead antlknocks by mid-2000 

To reduce exposure to other sources of lead, the Egyptian 
Government has adopted and 1s in the process of carrying out a 
Lead Abatement Action Plan with assistance from USAID This 
plan provides for the closure of most secondary lead smelters In 
the Cairo Metropolitan Area, with the remainder belng relo- 
cated to industrial districts and equipped with modern emisslon 
controls 

In des~gning lead phaseout regulat~ons, implementers should conslder the 
mechanisms that will be used to confirm compliance with the limits on lead 
use, and to take appropriate legal enforcement action against refiners or 
importers who are found to be In violation of the limits These mechanisms 
should generally include mandatory reporting of lead imports by refiners 
and lead vendors, and mandatory reporting of lead concentrations In gasollne 
~roduced or imported The agency responsible should check the accuracy of 
these reports by obtaining and analyzing actual gasol~ne samples at the port, 
at the refinery, and at the service statlon 
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7 2 Market-Based Instruments I 
W ~ t h  proper design, market-based or lncentlve measures can have a number 
of advantages compared to tradit~onal "command and control" regulations 
These Include greater flexlbdity, lower economic costs overall to achleve the 
same or greater emisslon reduction, reduced adrnin~stratlve burden, reduced 
rlsk of econornlc damage due to regulatory m~stakes, greater transparency, 
and reduced scope for corruption and malfeasance in thelr adminlstratlon 

Despite these advantages, however, most a r  quallty management programs 
glve too l~ttle attention to market-based mstruments Often, the reasons for 
thls neglect are pollucal - concerns that the use of such measures may allow 
nch people to "pay to pollute," or that they wlll disproportionately affect the 
poor When Implemented appropriately, however, market-based measures 
can benefit the poor, both directly (by reduclng thelr exposure to alr pollu- 
tion and the consequent health damages), and lndlrectly (through a better 
economlc cl~mate, leadlng to Increased growth, and by Increasing the 
financial resources avalable to government for palllatlve measures) 

Economlc lncentlves can take a number of forms These Include subsld~es or 
tax reductions for environmentally deslrable actlons, fees or Increased taxes 
on actlons that are environmentally undesirable, and tradlng schemes, In 
whlch different actors may buy or sell permlts or quotas related to pollutant 
emlsslons Of these, subs~dies are generally not recommended for promoting 

lead phaseout, because of the potentially large demand they would make on 
scarce public resources, and the large potentlal for abuse Taxes and trading 
schemes are recommended for conslderatlon, however 

Fees and taxes Of the pollcy Instruments available, fees and taxes have 
probably been the least used However, such taxes offer great potentlal In 
contrast to subsidies, c'Plgouvian" or "green" taxes can serve a dual purpose 
by acung as a dlsencentlve to pollutlng conduct, whlle at the same tlme 
contr~butlng to ovetall public revenue Such taxes can be especially effectlve 
when - as is the case with lead In gasollne - the pollutlng actlons are belng 
undertaken for economlc reasons 

A P~gouvlan tax 1s Imposed to "mternallze" the external costs of an actlvlty 
that results m pollut~on or other externalltles Externalltles occur where the 
prlce of an actlvlty as perceived by the dec~slon maker dlffers from the cost of 
that actlvlty to soclety as a whole For example, the cost to a motorlst of 
drivlng a car does not Include the Impacts of a r  pollm~on, congestion, nolse, 
etc , that are borne by others By taxlng e~ther the externality-producing 
actlvlty (e g , drivmg) or a closely-associated input or output such as fuel, a 
P~gouvlan tax 1s Intended to change the pnce slgnals seen by an lndlvldual 
declsion maker so that they more closely approximate the real costs to 
soclety In this way, the cho~ces made by the declslon-maker are llkely to be 
closer to those that would be optlmal for the soclety as a whole 

The theory and potential appl~cations of P~gouvian taxes to pollutlon control 
have been studled by World Bank economists (Eskeland and Devarajan, 
1996) Lead In gasoline is especially well-sulted for control by means of a 
Plgouvlan tax, as the level of pollutlon 1s dlrectly related to the amount of 

Subsidres are generally 
not recommended for 
promot~ng lead 
phaseout, because of 
the potentially large 
demand they would 
make on scarce public 
resources, and the 
large potential for 
abuse 

Pigouvian or "green" 
taxes can both provide 
a d~sencentive to  
polluting conduct and 
contribute to overall 
publrc revenue 

IMPLEMENTER'S GUIDE TO PHASING OUT LEAD IN GASOLINE 8 1 



Ideally, the rate of tax 
on lead used rn 
gasolrne would be 
equal to  the economrc 
drsbenehts rmposed by 
rts use In practrce, 
however, rmplementers 
must consrder the 
negatrve effects on the 
market rf a hrgh tax rs 
suddenly rmposed 

The tradrng of "lead 
nghts" may provrde an 
alternatrve mechanrsm 
for rntroducrng 
flexrbrlrty rnto the lead 
phaseout process 

In the Unrted States, 
the allowable lead 
content rn leaded 
gasolrne was reduced 

lead used, whlch IS readlly monitored both at the port (for Imports of TEL) 
and In the finished gasollne 

Ideally, the rate of tax on lead used In gasoline would be equal to the eco- 
nomlc disbenefits (costs) imposed by ~ t s  use For example, In the hypothetl- 
cal case outllned In the preceding chapter, total lead emlsslons of 700 
mill~on grams per year resulted In health damages equivalent to US $165 
milllon Thls would justify a tax rate of $0 236 per gram of lead ($165 
mill1on/700 m~llion grams) In practice, such a h ~ g h  tax rate would likely 
d~srupt the gasollne market ~f ~t were imposed suddenly Even a much lower 
tax rate, on the order of $0 10 per gram, would more than offset the savlng In 
refin~ng costs due to lead use, and would serve as a strong lncent~ve to 
refiners to reduce thelr lead use as quickly as posslble ~ t - t h e  same tlme, the 
funds mobll~zed by the tax could be used to set up an effective monltorlng 
and enforcement program, to fund publicity campalgns and for other 
purposes In connection w ~ t h  the phaseout of lead In gasoline If necessary, 
some of the funds ra~sed In this manner could be used to finance the needed 
Investments In refinery process unlts 

Lead 'hgbts tradzng " If a P~gouvian tax on lead IS not feas~ble, the tradlng of 
"lead rights" may provide an alternative mechanism for ~n t roduc in~  flex~bll- 
lty Into the lead phaseout process In t h ~ s  approach, regulators fix a l~rnlt on 
the average lead content of each refinery's gasoline production If a refinery 
produces gasollne wlth a lower lead concentration than the maxlmum, lt can 
sell to another refinery the r~ght  to produce gasollne contalnlng a corre- 
spondlng amount of lead In excess of the maxlmum To guard against abuses, 
such trad~ng requlres careful safeguards and effectlve verlficat~on mecha- 
nlsms If properly Implemented, however, lead rlghts trad~ng can make ~t 
poss~ble to ach~eve much faster reduct~ons In lead use than would be poss~ble 
d all gasollne producers had to meet the same lead l~mlts without tradlng 

The lead rights trad~ng approach was used by the EPA as part of its lead phaseout 
plan In the 1980s The experience wlth lead r~ghts tradlng In the Unlted States 1s 
summarized in the next section 

7 3 Lessons From The U S Fxper~ence 
The U S experience in phas~ng out leaded gasollne IS described by Nichols 
(undated) In the 1970s, average lead concentratlons measured In U S citles 
often exceeded EPA's 3-month average alr quality standard of 1 5 pg/m3 (today, 
it IS recognized that even thls standard is insufficiently protective of human 
health) The mandatory sale of unleaded gasollne was Introduced In 1974, In 
order to meet the needs of cars equ~pped wlth catalytic converters At that tlme, 
leaded gasollne contalned an average of 2 4 grams of lead per gallon (0 63 gll~ter) 
and average blood lead concentratlons among chlldren In major cltles were 
around 20 pgldl 

1 1 gram per gallon 
by 1982 and to 0 1 
gram per gallon rn 
1986 'J' 1995~ of 
leaded gasoline were 
banned 

Through a phased program, the allowable lead concentratlon In leaded 
gasoline was reduced to 1 1 gram per gallon (0 29 g/l) by 1982 T h ~ s  rule 
also Introduced the tradlng of lead r~ghts between refiner~es so that a 
refinery that was able to ~ roduce  gasoline containing less than 1 I gram per 
gallon could sell the excess "lead r~ghts" to another refinery that needed 
them By 1984, about half of the refineries ~n the Unlted States were part~cl- 
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patlng In this market, wlth the larger, more complex refinerles generally selllng 
lead nghts to smaller refinerles that had less capabil~ty to produce hlgh-octane 
gasollne through process changes (Nlchols, undated) 

In 1984, EPA carrled out a major cost-benefit evaluation of further lead 
reductions (Schwartz et al, 1985) Thls study concluded that the benefits of 
further reduclng lead use In gasoline greatly outweighed the costs, and that 
allowable lead concentratlons should be reduced to a mlnlmum as qulckIy as 
posslble A final rule was promulgated in March 1985, reducl~g the allow- 
able lead concentrauon to 0 5 gram per gallon In July 1985 and to 0 1 gram 
per gallon (0 026 gil) on January 1, 1996 The declslon to reduce the 
allowable lead content to 0 1 gram per gallon Instead of zero was due to 
w~despread publlc concern (fomented by the lead industry) over the poten- 
tlal for darnag~ng valve seat recession to occur In older englnes The allowable 
concentratlon was retuned at thls level until leaded gasollne sale was finally 
banned In 1995, pursuant to the 1990 revlslons to the Clean A r  Act 

An Important feature of the 1985 regulation was the provlslon allowing 
refiners to "bank" unused lead rights for later sale or use At the tlme the rule 
was promulgated, many refinerles had the capaclty to produce gasollne 
contanlng substant~all~ less than 1 1 gram per gallon By reducing thelr 
lead use in advance of the legal hmlt, they were able to store up lead rlghts 
for the future, when they would be more valuable As discussed In Chapter 
2, the nonlinear relationship between lead and octane means that the benefit 
of golng from 0 1 to 0 2 grams of lead per gallon 1s much greater than the 
octane loss due to going from 1 1 to 1 0 gram per gallon Thus, lead nghts 
saved when the maxlmum limn was 1 1 gigallon became much more 
valuable when ~t dropped to 0 1 gramigallon 

EPA estlmated that the tradng and banlung of lead rlghts would save 
between US $173 and $226 mllllon between 1985 and 1988, or about 10 
percent of the total cost of complying wlth the rule durlng that per~od 
(Nlchols, undated) In fact, the actual use of lead banlung was even greater 
than projected by EPA's analys~s, and ~t seems likely that the overall costs 
were lower as a result More importantly, the incorporauon of lead tradlng 
and banlung provlslons made ~t feaslble for small, ample refinerles to comply 
wlth the phasedown rule by buylng lead rlghts from larger refinerles Had 
this not been allowed, the prospect that some small refinerles would be 
drlven out of busmess wodd llkely have resulted elther In a delay In the 
phasedown, or a speclal exemption for small refineries that would have 
allowed them to contlnue to produce hlgh-lead gasollne for some tlme 

The rncorporatron o f  
lead tradrng and 
banking provrsrons rn 
EPA's rule allowed small 
refineries t o  stay rn 
busrness wrthout 
delayrng the phase- 
down or permrttrng 
them t o  continue t o  
produce hrgh-lead 
gasolrne 
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8. MONITORING COMPLIANCE 
Sampllng and checks, whlch confirm that the gasollne sold actually complles 
w ~ t h  the lead llmlts and quality spec~ficatlons In effect, are an Integral part of 
a lead phaseout strategy A statlstlcal sarnpllng procedure should be set up 
that 1s adequate to ensure that any slgn~ficant cheatlng or noncompliance 1s 
detected To guard agalnst adulterat~on or smuggling, gasoline samples 
should be collected for analysls at retal servlce statlons as well as at the 
refinery and/or port of importation As an adltlonal check on lead adltlve 
use durng the lead phaseout process, author~tles may wlsh to establish 
special procedures for monltonng the lmportatlon and use of lead addltlves 
S~nce only a few chem~cal companies produce these extremely hazardous 
compounds, monltorlng lead add~t~ve shipments should not be difficult 

Thls chapter presents informat~on on standard sampling and 
analytical procedures for lead, gasoline octane, and gasol~ne 
properties and composition, together w ~ t h  informat~on on the 
laboratory equlpment requ~red and the~r costs 

The Steps In Mon~tor~ng Compliance 
1 Identify monitoring needs 
The monitoring requirements implementers should identify include the 
number of samples and the types of locations to be sampled to 
ensure adequate coverage This will involve a tradeoff between 
enforcement costs and adequacy of control 

2 ldent~fy legal author~tyru i rements for monltoring gasol~ne 
compos~tion 

lmplementers should identify the legal author~ty that will mon~tor fuel 
composition, including any ongoing monitoring efforts 

3 ldent~fy institutional and physlcal requirements for monltorlng 
In this step, lmplementers should ldentlfy the equipment and person- 
nel requlred for the monltoring program and the sources of financing 
for any new equlpment or personnel needed 

4 ldent~fy respons~b~l~ties for monltoring and enforcement 
Here, lmplementers should ~dentify the inst~tut~onal respons~b~l~tles of 
the personnel identified in Step 3 

5 Plan and Implement gasoline monltorlng and enforcement 
program 

Based on the information developed, the implementer should work 
with the organizations responsible for enforcement to prepare a 
detailed plan for the enforcement program, obtaln any necessary 
authorizations or approvals, and implement the program 

6 Identify and prosecute v~olators 
The program should include provisions for ldentlfying and prosecuting 
individuals who are violating the lead phasedown requirements 

7 Follow up to ensure program effectiveness 
Once the program is underway, the implementer should follow up to 
conflrm that monltoring is being done according to the plan 
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9 1 <-%, 1 ~ 4  T i i  - r J ! 7 7 I 8 1 Gasoline Sampling 
The samples collected must be truly representatlve of the gasollne In questlon A 
detailed descr~ption of the procedures for obtalnlng representative samples of 
gasol~ne for Reid vapor pressure measurements can be found In the U S Code of 
Federal Regulat~ons (CFR 40, Part 80, Appendix D) The CFR can be accessed 
on the World W ~ d e  Web at www access gpo gov Gasol~ne samples obtalned by 
these procedures can also be analyzed for other properties of Interest 

Recently, EPA proposed to mod~fy Appendix D to allow the use of sampllng 
procedures developed by the American Soc~ety for Testlng and Materials 
(ASTM) The maln standard for gasollne sampling IS ASTM D-4057-95 
(Standard for Sampling Petroleum and Petroleum Products) The other 
ASTM standards involved Include D-4177-82 (Standard for Automat~c 
Sampllng), D-5842-95 (Standard Pract~ce for Sampllng and Handling of 
Fuels for Volatll~ty Measurement), and D-5854-96 (Standard Pract~ce for 
M~xlng and Handling Liqu~d Samples of Petroleum and Petroleum Prod- 
ucts) 

8 1 1 Sampling Precautions 
Numerous precautlons are requ~red to ensure that the character of the 
samples IS representatlve These depend upon the tank, carrler, contalner or 
line from wh~ch the sample 1s being obtuned, the type and cleanliness of the 
sample contalner, and the sampling procedure that is to be used A summary 
of the sampling procedures and the~r appl~cat~on u presented In Table 20 
Each procedure u suitable for sarnpllng a materlal under definlte storage, 
transportation, or contruner conditions The bas~c prlnclple of each proce- 
dure 1s to obtun a sample In such manner and from such locat~ons In the 
tank or other contalner that the sample w~ll be truly representative of the 
gasollne 

8 1 2 Sampl~ng Terms 
A descr~pt~on of terms shows the complexity Involved In sampling 

Table 20 Summary Of Gasollne Sampllng 
Procedures And Appl~cab~l~ty 

Average sample IS one that conslsts of proportlonate parts from all sectlons 
of the contalner 

Type of Container 

Storage tanks shlp and barge tanks tank 
cars tank trucks 
Storage tanks wlth taps 
P~pes and l~nes 
Retarl outlet and wholesale purchaser 
consumer facrllty storage tanks 

All-levels sample is one obtained by submerging a stoppered beaker or 
bottle to a polnt as near as ~ o s s ~ b l e  to the draw-off level, then opening 
the sampler and ralsing ~t at a rate such that it is 70-85 percent full as it 
emerges from the llquld An all-levels sample 1s not necessarily an average 

Procedure 

Bottle sampl~ng 

Tap sampllng 
Contrnuous llne sampling 
Nozzle samplrng 
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sample because the tank volume may not be proport~onal to the depth and 
because the operator may not be able to rase the sampler at the variable rate 
requ~red for proportlonate filling The rate of filling IS proportional to the 
square root of the depth of immers~on 

Runntng sample 1s one obttuned by lowerlng an unstoppered beaker or 
bottle from the top of the gasoline to the level of the bottom of the 
outlet connection or swlng line, and returning ~t to the top of the 
gasolmne at a un~form rate of speed such that the beaker or bottle is 70- 
85 percent full when withdrawn from the gasoline 

Spot sample u one obttuned at some spec~fic locat~on In the tank by 
means of a thief bottle or beaker 

Top sample 1s a spot sample obmned G Inches (150 mm) below the top 
surface of the liquld 

Upper sample 1s a spot sample taken at the m~d-po~nt of the upper th~rd  
of the tank contents 

MtddEe sample 1s a spot sample obtaned from the m~ddle of the tank 
contents 

Lower sample IS a spot sample obmned at the level of the fixed tank 
outlet or the swlng llne outlet 

w Clearance sample 1s a spot sample taken 4 ~nches (100 mm) below the 
level of the tank outlet 

Bottom sample is one obtaned from the matenal on the bottom su&ce of 
the tank, contaner, or line at ~ t s  lowest polnt 

m Dratn sample IS one obttuned from the draw-off or discharge valve 
Occas~onally, a dram sample may be the same as a bottom sample, as In 
the case of a tank car 

Contrnuous sample 1s one obtaned from a p~pellne m such a manner that 
~t glves a representatwe average of a movlng stream 

M d  sample IS one obtaned after mlxing or v~gorously surrlng the 
contents of the original contaner, and then pourlng out or drawlng off 
the quantity deslred 

Nozzle sample is one obtaned from a gasollne pump nozzle which dispenses 
gasollne from a storage tank at a retall outlet or a wholesale purchaser- 
consumer facility 

Other important aspects to be considered are sample contalners (lncludlng 
cleanlng procedure), sampllng apparatus, time and place of sampllng, 
handl~ng, sh~pplng, labeling, and testing procedures 

The dlrect~ons for sampling cannot be made expllcit enough to cover all 
cases Extreme care and good judgment are necessary to ensure samples that 
represent the general character and average condit~on of the mater~al Clean 
hands are important Clean gloves may be worn but only when absolutely 
necessary, such as in cold weather, when handling materials at h ~ g h  tempera- 
ture, or for reasons of safety Select wiping cloths so that llnt is not Introduced, 
contaminating samples 
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8 2 Measuring Lead In Gasoline 
EPA has approved three methods for measuring lead In gasoline For detalls 
on any of these methods, consult The Unlted States Code of Federal Regula- 
tlons Title 40 Part 80, Appendix B T h ~ s  document can be downloaded from 
the World Wide Web at 1) http //www legal gsa gov, or 2) http /I 
www epa gov/docs/epacfr4O/chapt-I Info/ 

In using any of the three methods, care should be taken to collect and store 
samples in containers that wlll protect them from changes In the lead 
content of the gasollne such as from loss of volatlle fractions of the gasoline 
by evaporation or leaching of the lead Into the container or cap S~nce metal 
cans are sometimes sealed w ~ t h  lead solder, ~t IS preferable to collect samples 
in glass bottles If samples have been refr~gerated, they should be brought to 
room temperature (25" Celsius) prlor to analys~s 

Also, gasollne IS extremely flammable and should be handled caut~ously and 
wlth adequate ventilation The vapors are harmful d Inhaled, and a pro- 
longed breathing of vapors should be avoided Slun contact should be 
m~nimlzed 

8 2 1 Standard Method Test By Atomlc Absorpt~on Spectrometry 
T h ~ s  method determlnes the total lead content of gasollne The method 
compensates for varlatlons In gasoline composltlon and 1s independent of 
lead alkyl type The gasollne sample is dlluted w ~ t h  methyl lsobutyl ketone 
(MIBK) and the alkyl lead compounds are stabll~zed by reactlon w ~ t h  ~odlne 
and a quarternary ammonium salt The lead content of the sample IS then 
determined by atomic absorption flame spectrometry at 2833 A, uslng 
standards prepared from reagent-grade lead chlorlde Uslng t h ~ s  treatment, 
all alkyl lead compounds glve an ident~cal response 

The equlpment needed to perform this method lncludes an atomlc absorp- 
tion spectrometer, volumetric flasks, pipettes, and mlcroplpettes Thls 
method IS now rarely used, since automatic equlpment for lead determ~na- 
tion IS readily avalable 

8 2 2 Automated Method Test By Atormc Absorption Spectrometry 
T h ~ s  method is very slmllar to the one above, and has largely replaced ~t In 
practlce The maln difference IS that an automated system IS used to perform 
the dllutlng and the chemlcal reactions, and to feed the products to the atomlc 
absorption spectrometer T h ~ s  method requlres an auto-analyzer system and an 
atomic absorption spectroscopy detector system 

8 2 3 X-Ray Spectrometry 
As wlth the other two methods, thls determlnes the total lead content of 
gasollne It IS lnsensltive to varlatlons in gasollne composltlon, and IS inde- 
pendent of lead alkyl type 

A portlon of the gasoline sample IS placed In an appropriate holder and 
loaded Into an X-ray spectrometer The ratio of the net X-ray intensity of the 
lead L alpha rad~at~on to the net Intensity of the incoherently scattered tungsten 
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L alpha radlatlon is measured The lead content is determined by reference to a 
linear calibration equatlon that relates the lead content to the measured ratlo 
The incoherently scattered tungsten radiation 1s used to compensate for varla- 
tlons m gasollne samples 

The prlmary apparatus needed for using this method 1s an X-ray spectrometer It 
1s recommended that the optlcal path In the spectrometer be hellum Instead of 
a r  The use of air produces ozone, and could also pose flammability problems d a  
contalner w ~ t h  a sample of gasoline ruptures 

8 3 Octane Measurements 
There are two ASTM methods for measuring the antiknock quality in 
gasollne ASTM D 2699 (Test for Knock Characteristics of Motor Fuels by 
the Research Method), and ASTM D 2700 (Test for Knock Characterlst~cs 
of Motor and Av~at~on-Type Fuels by the Motor Method) Both methods 
require the use of a speclal angle-cylinder laboratory engine with a varlable 
compresslon rauo, known as a CFR englne The Research Method (whlch 
results in the RON) slmulates driv~ng under mlld condltlons, whlle the 
Motor Method (whlch results In the MON) slmulates more severe condl- 
tlons, as well as operatlon under load or at high speeds Both methods relate 
the knoclung characterlstlcs of the test gasollne to that of two pure fuels so- 
octane (2,2,4 tn-methyl pentane) and n-heptane These are defined to have 
octane numbers of 100 and zero, respect~vely 

The octane number of a gasoline 1s measured by determining the compres- 
slon settlng on the laboratory englne at whlch the knock begins to occur 
when operating on the test gasollne Thls is then compared to the compres- 
slon settlngs at whlch known mixtures of  so-octane and n-heptane beg~n to 
knock The octane value 1s equal to the percentage of octane In the murture 
Thus, a gasollne blend that knocks at the same compresslon settlng as a 
mixture of 80 percent uo-octane and 20 percent n-heptane would have an 
octane ratlng of 80 

8 4 Gasoline Composi~on 
This sectlon summarizes the measurement of the reformulated gasoline fuel 
parameters followed by EPA The entlre document IS the Unlted States Code 
of Federal Regulations (CFR) Tltle 40 Part 80, Including appendixes A 
through G Thls document is available through the World-Wide Web at the 
following addresses (other addresses are also avadable) 

http //www legal gsa gov, or 
http //www epa gov/docs/epacfr40/chapt-I mfo/ 

ASTM documents can be obtaned through the Amerlcan Soc~ety for Testlng 
and Materials ASTM can be contacted vla the World-W~de Web at the 
following address http //www astm org, or at thelr phys~cal address ASTM, 
100 Barr Harbor Dr~ve, West Conshohocken, Pennsylvanla USA 19428- 
2959 
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8 4 1  SL&& 
Sulfbr content IS determined uslng ASTM standard method D-2622-92, 
entltled 'Standard Test Method for Sulfur in Petroleum Products by X-Ray 
Spectrometry " 

8  4 2 Olefins 

Olefin content is determined using ASTM standard method D-1319-93, 
ent~tled 'Standard Test Method for Hydrocarbon Types in Liquid Petroleum 
Products by Fluorescent Indicator Adsorpt~on " The gas chromatographic 
method descr~bed below for aromatics can also be used to determine olefin 
content 

8  4  3 Reld Vapor Pressure (RVP) 
Reid vapor pressure is determ~ned uslng the procedure descr~bed In the U S 
CFR T~t le  40 Part 80, Append~x E, Method 3 (Evacuated Chamber 
Method) In which a known volume of ar-saturated fuel at 32-40" F (0-4 4" C) 
IS Introduced Into an evacuated, thermostatically controlled test chamber, the 
Internal volume of whlch is or becomes five tlmes that of the total test specimen 
introduced Into the test chamber After the injection, the test speclmen a 
allowed to reach thermal equil~br~um at the test temperature, 100" F (37 8" C) 
The resulting pressure Increase IS measured w ~ t h  an absolute pressure measuring 

device whose volume IS Included In the total of the test chamber volume The 
measured pressure IS the sum of the partial pressures of the sample and the 
dissolved a r  The total measured pressure 1s converted to Reld vapor pressure by 
use of a correlation equatlon 

8  4  4 Dlstillauon 

Dlstlllat~on parameters are determined using ASTM standard method D- 
86-90 entltled "Standard Test Method for D~stillation of Petroleum 
Products ' EPA has determined, however, that the figures for repeatability 
and reproduc~blllty given In degrees Fahrenhe~t in Table 9 In the ASTM 
method are Incorrect, and are not to be used 

8 4  5 Benzene 
Benzene content IS determ~ned uslng ASTM standard method D-360692, 
ent~tled "Standard Test Method tor Determination of Benzene and Toluene 
in Flnlshed Motor and Av~at~on Gasoline by Gas Chromatography", except 
that Instrument parameters must be adjusted to ensure complete resolution 
of the benzene, ethanol and methanol peaks because ethanol and methanol 
may cause interference wlth ASTM standard method D-3606-92, when 
present 

8  4  6 Aromatics 

Aromatics content 1s determ~ned by gas chromatography identifying and 
quantlfylng each aromatic compound as set forth in e~ther of the two methods 
descr~bed in the U S CFR T~t le  40, Part 80 46 The equipment used IS an 
atomlc gas mass spectrometer detector 
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The first method for determ~nlng aromatlc content ~nvolves dweloplng a three- 
component lnternal standard, where a curve 1s developed uslng callbratlon polnts 
for each level of a particular peak In the ~nstrument's calibrat~on table The 
response of the compound In a sample IS dlvlded by the response of the lnternal 
standard to provide a response ratlo for that compound In the sample A cor- 
rected amount ratio for the unknown 1s calculated uslng the curve fit equatlon 
determlned earl~er F~nally, the amount of the aromauc compound 1s equal to the 
corrected amount ratlo umes the amount of the internal standard The total 
aromatics in the sample 1s the sum of the amounts of the ~ndivldual aromatic 
compounds In the sample 

The second method uses a percent normallzed format to determine the 
concentration of the lndivldual compounds No lnternal standard 1s used m 
this method The calculation of the aromatic compounds 1s done by develop- 
lng calibration curves for each compound uslng the type fit and orlgln 
handl~ng spec~fied In the instrument's callbratlon table The percent normal- 
lzed amount of a compound IS calculated uslng an equatlon, where the total 
aromatics IS the sum of all the percent normalized aromatlc amounts m the 
sample 

Thls method allows the quantlficatlon of non-aromatlc compounds m the 
sample Correct quant~ficatlon can only be achieved, however, d the 
~nstrument's callbratlon table can ldentlfy the compounds that are respon- 
slble for at least 95 volume percent of the sample 

Last, there 1s an alternative test method (allowed by EPA pnor to September 
0 1, 1998) ASTM standard method D- 13 19-93, entltled "Standard Test 
Method for Hydrocarbon Types In L ~ q u ~ d  Petroleum Products by Fluores- 
cent Indicator Absorption " Thls method, which 1s still used by EPA for 
determ~n~ng olefin content, IS considerably less expenslve, but less accurate 
In ~dent~fylng aromatlc compounds 

8 4 7 Oxygen And Oxygenate Content Analys~s 
Oxygen and oxygenate content are determlned by gas chromatography, 
uslng an oxygenate flame lonizatlon detector (GC-OFID) as set out in U S 
CFR Tltle 40, Part 80 46 The equipment needed for performing thls 
method ~ncludes a gas chromatograph equipped w ~ t h  an oxygenate flame 
ionization detector, an autosampler (h~ghly recommended), a non-polar 
cap~l lar~ gas chromatograph column U&W DB-I or equivalent), an mtegra- 
tor to process the gas chromatograph signal, and a posltlve displacement 
PlPet 

Thls method 1s a slngle-column, direct-lnjectlon gas chromatographlc 
technique for quantifying the oxygenate content of gasohne, where a sample 
of gasollne IS splked to Introduce an lnternal standard, mured, and injected 
lnto a gas chromatograph (GC) equlpped with an oxygenate flame lonlzatlon 
detector (OFID) After chromatographlc resolution, the sample components 
enter a cracker reactor in whlch they are sto~ch~ometr~cally converted to 
carbon monoxide (in the case of oxygenates), elemental carbon, and hydro- 
gen The carbon monoxlde then enters a methan~zer reactor for conversion to 
water and methane Finally, the methane generated 1s determlned by a flame 
lonizatlon detector (FID) 
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Because gasolrne 1s 
extremely flammable 
and rts vapors are 
harmful rf rnhaled, rt 
must be handled 
caut~ously and only rn 
areas wrth adequate 
ventrlatron 

Special care should be taken when collect~ng and handling gasol~ne samples 
Samples must be collected and stored In contalners which w~ll  protect them from 
changes in the oxygenated component contents of the gasoline, such as loss of 
volatlle fractions of the gasol~ne by evaporation If samples have been ref r~~er-  
ated, they must be brought to room temperature (25" dC) prlor to analys~s 
Also gasol~ne IS extremely flammable and should be handled caut~ously and with 
adequate vent~lation The vapors are harmful ~f Inhaled and prolonged breath~ng 
of vapors should be avo~ded Slun contact should be min~m~zed 

8 5 Laboratory Equipment And Costs 
Table 21 lists the laboratory equipment most commonly used In lead 
sampl~ng and the average prices of the equipment 

Table 21 Prlces For Analyt~cal Equ~pment 

Lead 
Method 1 (manual) 

Atomlc absorption spectrometer 
Method 2 (automatlc) 

Atom~c sbsorpt~on spectrometer system 
Method 3 (can measure sulfur too) 

X ray spectrometer (hellum optlcal path) 

Equ~pment 

Sulfur (can measure lead too) 
X ray spectrometer 

Cost ($US) 

Oleflns 
Fluorescent lndlcator adsorption 

Re~d Vapor Pressure 
Grabner 

D~st~l lat lon 
Speclal dlstlllatron apparatus (manual) 
(automatlc) 

Benzene and Oxygenates 
Gas chromatograph + OFlD 

Aromatics 
Gas mass spectrometer 
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9. CONDUCTING FOLLOW-UP 
EVALUATION AND REPORTING 

Followup monitoring and evaluatlon are needed to ensure that the lead 
phaseout program achieves its goals, and to demonstrate to declsion makers 
and the publlc that these goals have been achieved 

Thls chapter revlews the procedures avalable for measuring lead 
concentratlons in human blood and amblent air 

The Steps In Follow-Up Evaluation And Mon~tor~ng 

1 Mon~tor trends In amb~ent lead and other air pollutants 
In addltlon to monltorlng changes In the lead content of gasoline, 
lmplementers should assess the changes In concentratlons of lead 
and other pollutants In amb~ent arr 

2 Mon~tor trends In human exposure to lead 
lmplementers should also assess the changes In the dlstrlbutlon of 
blood lead concentratrons among the exposed populatlon, particularly 
chlldren, that result from the phaseout program 

3 Evaluate the effect~veness of the phaseout program 
lmplementers should measure the effectlveness of the program In 
terms of decllnes In lead concentratrons In both alr and human blood 

4 ldentrfy the cause of any problems found 
In most cases, the followup evaluatlon wrll demonstrate that lead 
concentratlons In arr and human blood have decllned slgnlf~cantly 
Should the monltorlng show that lead concentratlons In elther the arr or 
the exposed populatlon have not decllned as expected, ~t may lndlcate 
that other sources of lead exlst and need to be ldentlfred 

5 Commun~cate results to  the publrc, polrt~crans, and legal 
authorrt~es 

The lnformatlon on decllnrng levels of lead concentratlons rn alr and 
human blood should be communicated to declslon makers and the 
publ~c In order to malntaln thelr support for the phaseout program 

9 1 Measurlng Lead Concentratlons In Blood 
Measurlng blood lead concentrations can help to track the reduction in 
average blood lead concentratlons due to the phaseout of lead In gasoline In 
addltlon, these tests can ldentlfy individuals - especially chlldren - who are 
at risk of health damage due to abnormally hlgh blood lead concentratlons 
Such concentratlons may result elther from excessive exposure to arborne 
lead, or exposure to other sources such as lead-based pant, improperly 
glazed pottery, or lead water plpes Once these high-risk ~ndlvlduals are 
~dentlfied, they or their parents can be counseled to reduce thelr exposure, 
and medical treatment can be initiated lf the blood lead concentratlons 
lndlcate that treatment IS warranted 

Recommendatlons for blood lead screening have been glven by the Arnerlcan 
Academy of Pediatrics (1998) The standard procedure for blood lead 
measurement requires a blood sample collected by venipuncture Wlth 
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Blood lead laboratones 
should establrsh careful 
procedures to ensure 
that therr b lood 
samples are accurate 

sultable precautlons, ca~lllary (fingerstlck) blood samples can also be used, but 
these carry a greater r~sk of contamination by environmental lead that may be 
present on the slun (Parsons et al , 1997) The glassware, needles, and chemlcal 
reagents used for collecting and storlng blood must be lead-free, and each batch 
should preferably be checked for lead contamlnatlon before use Sultable suppl~es 
are avalable from a number of commercial medlcal suppl~ers 

Because of the ub~quity of lead in the environment, the contamlnatlon of 
blood lead samples 1s a common problem, and careful quality assurance and 
quality control procedures are essential These should Include analyses of 
blank samples to ident~fy contamination In the sampllng and analysis 
process Blood lead laboratories should establish careful procedures, and 
partlclpate in routlne proficiency testing to verify the accuracy and precision 
of thelr blood lead measurements The U S Centers for Disease Control 
operates a blood lead level laboratory reference system, it provides blood 
samples having accurately known lead concentratlons to more than 250 
laborator~es around the world (CDC, 1998) These can be used to ver~fy 
cal~brat~ons and as reference samples for quality control purposes A llst of 
blood lead laboratories cert~fied by the U S Occupational Safety and Health 
Adrnln~stration 1s available on the World-W~de Web at www osha-slc gov/OCIS/ 
toc-bloodlead html 

The World Health Organ~zat~on has summarized analyt~cal techn~ques for 
lead In blood (WHO, 1995) Commonly used techn~ques Include atomlc 
absorpt~on spectrometry, gaph~te-furnace atomlc absorpt~on spectrometry, 
anode-str~pping voltlmetry, and inductively-coupled plasma atomlc emlssion 
spectrometry X-ray fluorescence spectroscopy can also be used The Na- 
tional Institute of Standards and Technology uses  soto ope-d~lution mass 
spectrometry to establish accurate target values for ~ t s  blood lead reference 
materials The U S Centers for D~sease Control uses a s~milar method - 
lnductlvely coupled plasma  soto ope-dilut~on mass spectrometry (U S CDC, 
1998) 

9 2 Measuring Lead In Arnbrent A r  
Lead concentrations In arnb~ent alr are measured by collecting total sus- 
pended particulate matter on a glass-fiber filter for 24 hours uslng a h~gh- 
volume air sampler, and then analyzing the collected partlculate matter for 
lead The analysis of the 24-hour samples may be performed e~ther for 
lndlv~dual samples or composites of the samples collected over a calendar 
month or quarter Lead In the part~culate matter 1s solub~l~zed by extraction 

w ~ t h  nitrlc acid (HNO,), facll~tated by heat or by a mlxture of HNO, and 
hydrochlor~c acld (HC1) facilitated by ultrasonicat~on The lead content of 
the sample is analyzed by atomlc absorpt~on spectrometry The ultra- 
sonlcatlon extraction wlth HNO,/HCI wlll extract metals other than lead 
from amb~ent partlculate matter For a complete descr~ptlon of this method, 
refer to the Unlted States Code of Federal Regulat~ons Part 50, Append~x G 

The typical range of lead concentratlons that can be analyzed uslng t h ~ s  
method is 0 07 to 7 5 pg Pb/m3, and the typlcal sensltlvlty (for a 1 percent 
change in absorpt~on) is 0 2 and 0 5 pg Pb/ml for the 217 0 and 283 3 
nanometer lines, respectively A typical lowest detectable level 1s 
0 07 pg Pb/m3 
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specific strategies for implementing a public education program 
for lead phaseout It also reviews media and other techniques 

The Steps In A Publ~c Educat~on Program 

1 Deflne publ~c educatlon goals 
An effectrve publrc education program wrll help assure publrc support for 
the lead phaseout polrcy The program goals ('the desired results") 
should include 1) increasing awareness and understanding of the health 
and developmental problems caused by exposure to lead and 2) chang- 
ing publrc perceptrons about the ability of older vehicles to use unleaded 
gasolrne and the maintenance benefits of reducrng or elimrnatlng lead 

2 Develop publ~c educatlon strategy 
Once the goals are establrshed, lmplementers must devlse speclfrc 
strategies for achievrng these goals Because strategres are likely to drffer 
for different audiences, it IS rmportant to categorrze "the publrc" so that 
messages can be tarlored to the specrfrc needs and concerns of different 
groups (e g parents, taxr cab drivers, servrce station operators) 

3 ldentlfy potentlal commun~cat~on medla 
Next, implementers should identrfy approprrate communicatron medra 
choosrng the most effectlve media for each audience they want to reach 

4 Asslgn respons~b~l~t~es for commun~cat~on and publ~c educatlon 
In thrs step, implementers assign respons~brlities for communication and 
publrc educatron to the appropriate organization The organrzatron(s) can 
include government agencies, NGOs publrc relations firms, and others 

5 Follow up to assess the program's effectiveness 
During and after the publrc educatlon process, followup studres should 
be conducted These should assess the effort's effectiveness and 
determine whether further publrc educatlon efforts are required 

6 Begln publ~c educatlon actlvltles 
To obtarn the best results rmplementers should rnrtrate these actrvrties 
well In advance of the actual lead phaseout program 

The success of a lead 
phaseout strategy 
hrnges on pub l~c  
acceptance 

10. CONDUCTING PUBLIC 
EDUCATION 

If a lead phaseout strategy IS to be successful, it must gan  the public's under- 
standing and acceptance For this reason, implementers commonly Include 
public education programs as part of their lead phaseout strategies These 
programs consist of efforts to generate public interest in, and understanding of, 
a particular message They can be designed and conducted by the government 
alone or In cooperation with non-governmental organizations (NGOs) and/or 
the private sector While they are often developed for a broad audience, they 
can also include media communications targeted to a range of differing public 
opinions More speclfic outreach and traning programs can be targeted to 
auto mechanics and service station attendants (Lovei, 1998) 
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A publrc educatron 
strategy can both burld 
publrc support for 
phasrng out  lead rn 
gasolrne and reduce 
opposrtron t o  the 
phaseout strategy 

1 10 1 Defining The Goals Of The Public Education 
Strategy 

The publlcs understandlng of a lead phaseout strategy's policies and programs is 
Important In buildlng political support for the strategy and educating consumers 
to change their fueling and auto maintenance hablts Public educat~on programs 
for lead phaseout generally have two important goals 

Increas~ng awareness of the health risks assoc~ated with using leaded 
gasoline and the s~~nlficant social benefits of pol~cy measures to phase 
out lead from gasollne 

Changlng public perceptions that unleaded fuel will adversely affect 
veh~cle performance and reduce gas mlleage 

It 1s recommended that implementers evaluate the publ~c's general level of 
awareness of lead's adverse health effects as well as the level of concern and 
mlsperception about the effects of unleaded fuel before s ~ ~ n ~ f i c a n t  resources 
are spent on the lead phaseout program Itself as well as related publlc 
outreach efforts Because resources are typ~cal l~  llmlted for outreach actlvl- 
tles, it 1s important to understand the aud~ence's level of awareness and 
understandlng as fully as poss~ble before committing to a specific strategy or 
approach For example, if ~t is determined that opposition to unleaded fuel is 
less than ant~c~pated, then relat~vel~ fewer dollars wlll need to be devoted to 
d~spell in~ the myths related to poor performance 

Several tools exlst for gauglng publ~c awareness and att~tudes, including 
publlc opinlon surveys and focus groups 

Publzc opznzon surveys These can be expensive and tlme consuming, but 
offer a systematic way to assess widespread publlc attitudes as well as to 
evaluate the reactions of d~fferent segments of the publ~c to proposed pollc~es 
or programs A formal effort involves administering a survey to a sample of 
people through a written questionnaire or through ~n-person or telephone 
interviews The sampling method IS carefully chosen to be stat~stically 
representative of the publ~c, and the survey results require statist~cal analysis 
The results can be used ro ~dent~fy  publlc concerns, gather lnformatlon on 
the l~kely level of publ~c acceptance of a pollcy or program, and also to 
develop effective messages for publ~c ~nformat~on materials and a med~a 
strategy When publlc opinlon surveys are repeated over tlme, they can help 
keep the government Informed of changes In publlc knowledge of a pol~cy or 

1 program, as well as any accompanying changes in publlc preferences 

Before spendrng large 
sums on a publrc 
outreach effort, 
rmplementers should 
evaluate the publrc's 
general awareness 
about lead's adverse 
health effects and therr 
concerns and 
mrsperceptrons 

An Informal survey IS less expensive and can also be useful In Identifying 
publlc att~tudes However, ~ t s  results may not be statistically valid 

Focws g~oups (small group discuss~ons with professional facilitators who 
gather oplnlons or perspectives) are an effectlve way of gathering informat~on 
on public oplnions and concerns regarding broad policy or program goals 
and impacts They can be especially useful for obtalnlng more detalled 
informat~on when designing a med~a strategy or strategies for speclfic groups 
(see Section 8 2) Focus groups are not a sultable method for wlde publlc 
participation or to d~sseminate information 
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Public educat~on 
messages should stress 
both the negatlve 
health effects o f  lead in 
gasollne and the 
posrtlve benefits 
socrety can realrze from 
phasing lt out  They 
should also address 
p u b l ~ c  concerns about 
automobrle perfor- 
mance and the 
econom~c impacts o f  a 
lead phaseout strategy 

10 2 Developing A Pubhc Education Strategy 

Once implementers articulate the goals and develop a sound understandng 
of the public's current level of awareness, they can beg~n to develop ap- 
proaches to increase awareness and understanding 

The arcdzences For a strategy to be most effective, it is use l l  to break up the 
general public into dfferent groups or "audiences," defined on the basis of 
their specific concerns, dr~ving or vehicle use patterns, and access to informa- 
tlon Implementers should also revlew who 1s affected by the lead phaseout 
strategy indirectly, as well as those soc~al groups or businesses that may be 
d~fficult to reach 

The table below characterizes the types of audiences that should be targeted 
in the publ~c education program Each audience segment has different 
concerns or issues, and each plays a different role in the overall success of the 
lead phaseout program 
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Potent~al Role 

Can be a powerful force 
lobby~ng for change 

Can be ~nstrumental ~n 
push~ng for lead 
phaseout 

Account for major share 
of gasol~ne consumption 
as well as newlused car 
purchases and demand 
for veh~cles and 
rnalntenance services 

Because of role In the 
supply cham can be key 
to del~ver~ng publ~c 
educat~on messages and 
to the overall programs 
success 

Can represent a s~gn~f~cant 
portion of the dr~v~ng 
public 

Audlence Segment 

General Publlc 

Parents 

Motor~sts 

Sew~ce Stat~on Operators 

Fleet Owners and Operators 
(e g taxi cab dr~vers 
government agenc~es) 

The message Public educat~on efforts should inform the general publ~c and 
speclfic audience segments about the serlous health r~sks from human exposure 
to lead Education efforts should also inform the publ~c that leaded gasol~ne is 
the m a n  source of lead in the environment Information about the neurotoxic 

Impacts of lead in gasoline, espec~ally its impacts on the I Q  development of 
children, can be very powerful in influencing publ~c oplnion and consumer 
behavior Increased public understanding of the significant social benefits 
expected from a phaseout strategy, In terms of greatly reduced health and devel- 
opmental problems from exposure to lead, can influence consumer behavior and 
also allevtate public concerns 

Specif~c Concerns or 
Issues 

Doesn t percelve lead as a 
health threat 

Concerned about thew 
ch~ldrens health and welfare 

Concerned about keeplng 
gasol~ne prlces low 

Concerned about changes 
that would adversely affect 
veh~cle performance or gas 
mileage 

Concerned that the need to 
supply unleaded gasol~ne 
w~ll d~srupt normal opera 
tlons and Increase costs of 
do~ng bus~ness 

Part~cularly concerned about 
keep~ng operating costs low 
vehlcle periormance and 
access to supplles 



A public education strategy should also i d e n t ~ ~  and address public concerns 
about automobile performance and the economlc lmpacts of a lead phaseout 
strategy Many of the pubhc's concerns may have been exaggerated by vested 
interests in contlnulng the sale of leaded gasollne, or by an initial lack of 
practical or scientific lnformat~on to support the phaseout strategy 

CONDUCTING 
PUBLIC 
EDUCAT1ONl 

Sample Messages O n  Lead's Health %sks And The Expected 
Soc~al Benefits From A Lead Phaseout Strategy 

Lead exposure In children results In neurodevelopmental 
damage, resulting In lower intell~~ence, Increased lncl- 
dence of behav~oral problems, Increased r~sk of learning 
disabd~t~es, and Increased risk of failure in school 

The damaging effects of lead on the cognitive function of 
chlldren begln to occur at very low levels of lead exposure 

Reduclng the adverse health lmpacts of lead exposure ln 
chlldren can be expected to result In an increase in 
average intell~gence and improvements In the learning 

erformance of future children, thus improving their 
efetlme productmty 

Lead exposure In adults is llnked to increased blood 
pressure, leadlng to Increases In the lnc~dence of hyper- 
tension, card~ovascular dlness, stroke, and premature 
death 

Eaznzng Last, targeted training programs for auto mechanics and servlce station 
operators can be an effective way to ass~st consumers in reducing the sensitivity 
of old cars to the use of unleaded gasoline Such trainlng can facil~tate the proper 
engine modlficat~ons and maintenance of older cars with englnes not des~gned for 
unleaded gasollne Mechanics and service statlon operators can also help dlssemi- 
nate information to consumers about proper fuellng practices 

Sample Messages O n  The Effects Of Unleaded 
Gasollne On Vehlcle Performance 

Unleaded gasoline does not adversely affect an englne's 
performance, and generally reduces mantenance costs 

Even older englnes with soft valve seats are unlikely to suffer 
adverse effects unless they are drlven cont~nuously at h ~ g h  
speeds for long distances For the few engines that do suffer 
valve seat problems, r ep lac~n~  the cylinder head or valve seats 
will correct the problem and keep lt from recurring 

Catalyt~c converters are not necessary for a veh~cle to use 
unleaded gasollne 

Veh~cles uslng unleaded gasollne require far less frequent 
spark plug changes 

Pr~ce and sup ly lnformat~on can help allay concerns that P unleaded gaso ine wlll be too expensive or unavailable 
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I zT 11" 10 3 Media And Other Techniques For Pubhc L -  

A wide variety of media and other techniques are available to communicate 
with the public, as well as specific groups, and deliver public education 
strategies Agencies should develop attractive public information materials 
that convey the appropriate messages or information in a fast, concise, and 
clear way The wider availability of desktop publishing and increasingly 
accessible communication technolog~es offer government agencies more 
varied ways to capture the publlcs interest effectively and educate them 
about policies and programs 

Some Of The Techniques Avdable 
For Publlc Education Programs 

Newspaper inserts and articles 

Publ~c service announcements and media advertis~ng 

Brochures, fliers, and fact sheets 

Posters and billboards 

Information hotlines 

Spec~al techniques 

Public information materials are often designed to reach a broad publ~c 
beyond those who are directly affected An emphasis on conclse, informative, 
visual presentations makes ~t easier to reach people who have only a few 
moments to catch the message Technical information and issues should be 
translated into terms that the publlc can easily understand In countries 
where language may be a political issue, using mult~l~ngual materials can 
demonstrate that the government is trylng to reach out to all social groups 

In other instances, the wlde d~strlbution of public information materials is 
lmpractlcal The government can make some materials (e g , summaries of 
reports, videos, exhibits) avalable upon request Other materials, such as 
po~nt-of-sale informatlon for service stations, can be targeted and custom~zed 
for distribution to specific groups such as motorists 

Agenc~es are encouraged to seek professional assistance In crafting effective 
messages and completing the design and artwork needed to convey messages 
in the most powerful and effective manner 

All outreach materials should provide contact information so that individuals 
with additional questions can call for more informatlon or assistance More 
detailed descriptions of the varlous techniques are provided below 

Newspaper zmerts and arttcles can be extremely effective in reaching the general 
public as well as specific groups They are also an Inexpensive way to disseminate 
information By providing factual information in press releases, a government 
agency can help reporters assemble articles or news storles that can counteract 

Agencres should 
develop attractrve 
publrc rnformatron 
materials that convey 
the messages qurckly, 
conc~sely, and clearly 

Technrcal rnformatron 
should be presented rn 
terms that people can 
easrly understand 
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Med~a  coverage 
creates opportunities 
for publ~c education, 
but can also be used 
by vested Interests or 
polit~cal opposit~on to  
selze on and distort 
issues related t o  a lead 
phaseout strategy 

mlslead~ng informatlon put forward by speclal Interest groups that may be 
opposed to lead phaseout "though government agencies have llttle control over 
news stories before they are publ~shed or broadcast, they may be able to avoid 
spending valuable resources explain~ng a message or trylng to reshape public 
opinion d they hold events targeted at the med~a or issue press releases w ~ t h  easy- 
to-understand information 

Publzc servzce announcements In addltlon to providing detalled information 
that can be used as "news" in artdes, government agencies can place ads or 
~ub l i c  service announcements in newspapers and other medla Unlike 
articles, the ads would provide broad, simple messages on the benefits of lead 
phaseout or the spec~fics of the government's lead phaseout strategy (e g , 
price informatlon, locat~on of service statlons offerlng unleaded gasoline) 
Often, the news media will allow the government to place ads free of charge 
or at a discount More elaborate media advertising schemes can to be expen- 
slve and must be used carefully and efficiently A minlmum med~a strategy 
would include a central message vla a public servlce announcement A more 
h~gh-profile medla campvgn would involve a serles of radio and televlslon 
ads d u r q  prlme time As consensus bullds for the lead phaseout strategy, 
stakeholders and government agencies can cooperate In a media strategy to 
inform and educate the public through features and ads on television and radio, 
and in newspapers 

Brochures, flzers and fact sheets can be effect~ve education tools and are 
usually targeted at a specific group For example, fact sheets explanlng the 
adverse effects of lead on the development of children can be prepared and 
dlstributed at schools, health cl~n~cs,  daycare facllit~es and other locat~ons 
serving the needs of parents and chlldren Brochures providing detailed 
informatlon related to vehicle performance should be targeted at motorists 
and are best dlstributed at gasoline statlons or to companies or agencies 
operating vehlcle fleets 

Posters and bzllboar& are also extremely good mechan~sms for spreading the 
maln themes of the phaseout strategy positlve effects on the neurological 
development of chddren, m~nlmal effects on vehicle performance, etc 
Messages must be presented In a simple, clear, conclse form, and the~r 
effectiveness can be greatly enhanced by the use of color and artwork, or 
linkages to popular themes or personallt~es 

Posters can be widely d~str~buted and effect~vel~ d~splayed In servlce statlons, 
public buildings, buses and other mass translt, schools, and places ofworship 

Infomzatzon hotlznes can be very useful, especially in the early days of the lead 
phaseout strategy's implementation By prov~d~ng a number motorists can call for 
~nformatlon on everyth~ng from sales locat~ons, prlce differentials, and tlming, to 
englne performance, government agencies can reduce opposltlon to the program 
caused by uncertainty or lack of knowledge However, ~t 1s extremely Important 

' Government agencles should be aware of the opportunltles that medla coverage creates for publlc 
education but also of the dangers ~f vested Interests or polltlcal opposltlon belze on and dlstort tssues 
related to a lead phaseout strategy and dlscred~t the program In the eyes of the publtc For example In 
some countrtes myths about englne damage from the use of unleaded gasoltne have been fostered or 
promoted In the medta by organtzatlons wlth vested Interests In the sale of leaded gasoline 
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for lnformatlon hotllnes to be fully operational durlng the stated hours of 
operatlon and staffed by competent, knowledgeable in&viduals 

Special techniques, Including hands-on-demonstrations, vldeos and other 
devlces, can be effective for workshops and targeted outreach efforts For 
example, workshops or trarniag courses may be the most effective method of 
educating servlce statlon operators and mechanlcs on the effects of unleaded 
he1 on engine performance Videos or hands-on demonstrations could 
Instruct mechanics on how to perform vehlcle mantenance to Improve englne 
performance Educational vldeos on the effects of lead on a r  quality and human 
health could be developed for use in schools or with parent groups These 
techniques are generally more expensive, but are likely to be the most effectlve in 
lncreaslng the awareness and buldlng the support of such influential groups as 
service statlon operators and mechanlcs 

10 4 Assigning Responslbllity For Pubhc Education 
The agency responsible for implementing lead phaseout should also retaln 
overall responslblllty for the public educatlon program to ensure that the 
outreach activlues and messages support the technical strategy, both in terms of 
the tlmlng of speclfic messages and activ~tles, and the content of these messages 
However, the responsible agency should seek the assistance of relevant public 
affairs agencies, noa-governmental organizations, Industry assoclatlons, and the 
communications departments of universities These groups typically have access 
to particular audence segments as well as expertlse In managing publlc educatlon 
programs or med~a campaigns They can be useful, as well as inexpenslve, sources 
of assistance to government agencies, which often lack the technical expertlse and 
resources to carry out elaborate public outreach programs 

The responsible agency should consider setting up a speclal "public educa- 
tion comm~ttee" consisting of senior representatives from the various groups 
listed above Thls committee would oversee the development of the outreach 
strategy and manage the actlvltles carrled out by lndlvldual group members 

10 5 Traclung Progress And Measurrng Effectiveness 
It IS important to evaluate the program's effectiveness so that activities can be 
reshaped or revised as necessary over the course of the program 

A number of methods can be used to monitor progress and measure the 
program's effectiveness Certanly, purchases of unleaded gasollne may be a dlrect 
measure of the program's effectiveness If an outreach program 1s successful (and 
the overall phaseout strategy IS loglcal and effectively addresses key prlclng and 
supply issues), then purchases of unleaded gasoline should Increase over an initlal 
start-up perlod, whde the total consumptlon of lead ad&tlves should decline 

The government also may want to conduct additional public oplnlon surveys SIX 

months to one year after the start of the publlc outreach program to determine 
the program's effect on public attitudes and awareness If an lnltial survey was 
conducted, the agency can use the same survey Instrument to evaluate effectlve- 
ness 

Telephone hotl~nes can 
be very useful In 
reduclng opposltlon to  
a lead phaseout 
program, but they must 
be fully operatronal 
durrng thelr stated 
hours of operatlon and 
staffed by competent, 
knowledgeable 
rnd~v~duals 
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- I 10 6 The T~mlng Of Publlc Education Actlvltles 

Publrc educatron efforts 
should begrn well 
before the rmplemen- 
tatron of the lead 
phaseout program 
starts 

It IS recommended that agencles begln publlc educat~on efforts as early as 
possible - well before actual implementat~on of the lead phaseout program, 
so that the public 1s Informed In advance of the changes that w~ll  take place, 
has time to adjust to these changes, and can accept them as lmprovements 
and benefits rather than needless lnconvenlences or, worse, expensive bur- 
dens to be avo~ded Even the best phaseout program can be a total failure if 
it comes as a surprise to the general publlc 

Ideally the outreach program should evolve in concert with the development 
of the lead phaseout strategy itself so that the publlc IS kept Informed of the 
strategy's key elements Over time, the outreach program should Incorporate 
more and more lnformat~on on the specifics of the phaseout strategy Itself 
and the bas~s for the decls~ons that are made Preferably these dec~sions will be 
based on Input from key stakeholders (see Chapter I I), whlch wlll reduce publ~c 
opposition 

General education effort can start with the use of broad messages conveyed 
through public servlce announcements, posters and billboards that are 
wldely distributed These messages should convey the broad themes - 
Improved chlldrens' health and welfare, and no adverse effects on vehlcle 
performance These broad messages can be supported by more detalled press 
articles that prov~de the rat~onale for phaseout, the benefits, the timing, and 
descr~pt~ons of the program (t~ming, avallabdlty, price, etc ) 

By the tlme the phaseout strategy 1s put In place, the educat~on program 
should be focusing on providlng lnformat~on that enhances ~mplementation 
(e g , providlng locat~ons where unleaded he1 1s being sold, providlng prlce 
informat~on) and monltorlng eff-ectiveness 
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11. INVOLVING KEY STAKEHOLDERS 
IN THE DEVELOPMENT OF A 
LEAD PHASEOUT STRATEGY 

Stakeholder lnvolvement u an essential part of a lead phaseout strategy, and 
should be incorporated Into the process from the very beg lnn~n~  Although 
stakeholder lnvolvement 1s closely llnked to publlc educat~on and outreach 
(see Chapter lo), lt d~ffers In that lt seeks to lnvolve key parties In the 
declslon malung process Publlc educatlon and outreach, on the other hand, 
seek to Inform the publlc and key groups about the need for the program 
and how ~t will work 

Many of the key stakeholder groups are the same as the audlences ldentlfied 
In the prevlous chapter and Include partles that are most Interested In, and 
affected by, a lead phaseout program, lncludlng government agencies, 

gasoline refiners and distr~butors, servlce statlons owners and operators, and 
non-government organlzatlons (NGOs) Galnlng the support of these 
stakeholders IS crltlcal to the successful development and lmplementat~on of 
a lead phaseout strategy By consulting these partles and lnvolvlng them In 
the dec~slon-malung process, stakeholders will feel that they "own" both the 
process and ~ t s  outcomes, and are less likely to oppose the program once ~t IS 
Implemented 

Thls chapter summarizes stakeholder involvement strategles, 
whlch Include both stakeholder identlficat~on and outreach 
components 

The Steps In Stakeholder Consultat~on And lnvolvement 

1 ldentrfy stakeholders 
Here, implementers should identify the program's stakeholders the rndi- 
vrduals and organrzatlons whose interests will be most affected 

2 ldentlfy strategy for stakeholder lnvolvement 
lmplementers should next desrgn a process for includrng the program's 
stakeholders In the strategy's development and rmplementatlon 

3 Communicate rrsk assessment and beneflt estrmates 
Education is a key component of stakeholder rnvolvement Stakeholders 
must understand the need for the program, its benefits and its costs 

4 Commun~cate/consult on alternatlve phaseout strategles 
Ideally, lmplementers should be willrng to cons~der alternatlve phaseout 
strategres that address stakeholder concerns and constrarnts 

1 1 1 Stakeholder Idenufication 
A first step In developing a stakeholder involvement program 1s to ldentlfy 
the various stakeholders whose Interests will be affected by a lead phaseout 
strategy Often, the key stakeholders are the same organlzatlons or people as 
the key audlences ldentlfied for a publlc educatlon strategy (see Chapter 10) The 

Garnrng the concensus 
of the stakeholders In a 
lead phaseout program 
IS crrtrcal to the 
program's success 
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The key stake holders 
for a lead phaseout 
program are often the 
same as the aud~ence 
for the program's publrc 
educatron strategy 
(Chapter 10) 

focus here, however, 1s engaging key stakeholders In a collaborat~ve decls~on- 
malung process Potentlal stakeholders include 

Government agencles and ministries (e g energy, environment health 
Industry, transportatlon, finance, trade) 

I rn Petroleum refiners 

I rn Automobile manufacturers and Importers 

( Gasollne d~strrbutors and retallerr 

I Fleet owners and operators 

Motorists 

I Each group IS described briefly below 

Government agenczes Typ~cally, many government agencies and mlnlstrles - 
both at the national and local levels - play a role in the phaseout of leaded 
gasoline These include agencies that set and control tax polic~es, envlron- 
mental programs, vehlcle reglstratlon, vehlcle Inspection and maintenance 

programs, and tar~ffs and dut~es on vehlcle lmports and fuel Imports, and 
regulate refiners These agencles need to be lnvolved in the process so that 
they understand what ~mpl~cations (if any) a phaseout program will have on 
their programs and vested Interests 

Petroleum refiners 011 refiners have a large stake In the decision malung 
process for a lead phaseout strategy It IS important to lnvolve such powerful 
stakeholders In the consensus bulldlng process to reduce the~r oppositlon to 
a lead phaseout strategy T~mlng as well as the technical aspects of the 
phaseout optlons considered are significant issues for 011 refiners because 
converting from leaded to unleaded he1 can have enormous cost ~mplicat~ons 
for them Implementers should be sensitive to the~r Issues and be willing to 
cons~der various lncentlve schemes or schedules to facll~tate the conversion 
process 

Automobtle manufdcturers and zmporters Auto manufacturers are not likely 
to be affected much by lead phaseout per se However, many countries may 
decide to take advantage of the opportunity presented by lead phaseout to 
Introduce vehlcle emisslon standards that are strlct enough to require 
catalytic converters In this case, auto manufacturers will be very much 
affected, and ~t wlll be crltical to obtain the support (or at least the acqules- 
cence) of t h ~ s  stakeholder group Worlung with automobile manufacturers to 
dev~se a practical schedule for incorporating emlsslons controls In the~r automo- 
bile deslgns can promote broad support and reduce the potential for oppositlon 
from certaln segments (those less able to qulchly add controls or Increase lmports 
of vehlcles so equ~pped) Auto manufacturers can actually support a phaseout 
strategy by endorsing the use of unleaded gasollne 

Gasolzne dzstrzbutors and retazlers These groups provlde an Important link In 
the supply cham and thelr support can greatly enhance the operation of a lead 
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phasedown program Retders also play an important role in the public educat~on 
process because of their direct access to motorists, so their issues should be 
carellly considered in the development of a strategy Retal service station 
owners and operators should be involved in the consensus building process 
because ganing their support for a lead phaseout strategy can assist in securing 
support from vehicle owners and operators Service station attendants or me- 
chanics can assist with the public education strategy by disseminating informa- 
tion to motorists when they purchase gasoline or auto mantenance servlces 

Fleet owners and operators particularly government vehicle fleets, can play a 
key role in a lead phaseout program by implementing measures first and 
demonstrating thelr effectiveness 

Non-government organzzatzons (NGOs), such as medical or public health 
associations, educat~onal or teachers' assoclatlons, or environmental organiza- 
tions, can facilitate consensus building Worlung with concerned members of 
the public, NGOs generally w~l l  support the slgnlficant soclal benefits of 
policies and programs to phase out lead from gasoline They can help explan 
the health nsks associated w ~ t h  using leaded gasollne and build polltical 
support for a lead phaseout strategy 

Motornts are aho key stakeholders They must pay any prlce differentials or 
bear any service inconvenience that result from the strategy Motorists (or 
groups of motorists such as tax1 cab drivers) may be represented by an NGO 
or association If so, representatives of these groups should be Invited to 
participate in the decision malung process 

1 1 2 Stakeholder Involvement Strateqes 
After stakeholders are ident~fied, implementers should deslgn a process for 
dlssemlnating information to them and involving them in the decision 
malung process for the lead phaseout strategy The nature and extent of 
stakeholder involvement will vary depending on the ~nstitut~onal arrange- 
ments and industry practices in each country 

The stakeholder involvement strategy should be closely linked with the 
public education strategy (see Chapter 10) to ensure a consistent and 
effective message The Inputs stakeholders provide may, in some cases, 
Identify the need for more public education, but also may Identify real 
problems that must be addressed in design~ng a lead phaseout strategy 
Examples of issues where stakeholder involvement may help in building 
consensus for a lead phaseout strategy are 

Identifying the best techn~cal optlons for phasing out lead in gasol~ne 

Evaluating the timing for implementing selected technical options 

Assess~ng the economic and behavioral impacts of prlcing decisions and 
incentive policies 

Evaluating the "fit" between technical options and policy Instruments 

Identifying monitoring, compliance and enforcement needs 

The nature and extent 
of stakeholder 
rnvolvement wrll vary 
dependrng on the 
rnstrtutrona/ 

I arrangements and 
rndustry practrces rn 
each country 
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Publrc meetings are 
more effectrve rf they 
are held early In the 
decis~on makrng 
process 

Good organization and well-planned outreach are necessary for a stakeholder 
lnvolvement program because they can help produce Inputs that the government 
can use In dec~s~on malung as well as facilitate consensus bulldlng Implementers 
should ~dentlfy specific strategies to galn the partlclpatlon of stakeholders 
Several methods are available to brlng stakeholders together, prov~de them with 
informat~on, and establ~sh effective communlcatlons Selected examples are 
summarized in this sectlon 

Advzsoy groups An adv~sory group 1s a way to brlng together a core group of 
stakeholders who have a strong Interest In a lead phaseout strategy An 
adv~sory group should be composed of representatives from each of the key 
stakeholder groups (each should be glven equal status In presenting and 
del~beratlng thelr Ideas), along with representatlves from government 
agencles Advlsory groups provide a forum for the government to present 
proposed pollc~es and programs, and brlng stakeholder feedback and Ideas 
Into the process 

Adv~sory groups usually meet regularly to d~scuss lssues of concern and to 
reach agreement on recommendat~ons as Input to ~mplementers Adv~sory 
group meetlngs can serve to educate stakeholders on te~hnlcal lssues, update 
them on progress or new lssues ~dentified, and prov~de an organized way for 
the government to learn and understand the posltlons of d~fferent groups 
An adv~sory group can also asslst In outreach efforts to broaden a stakeholder 

I involvement program 

Publzc rneetzngs and hearzngs Implementers can use these vehlcles to present 
lnformat~on to stakeholders and the publ~c, and obtain Input from partlcl- 
pants They can be tallored to speclfic issues or organized for speclfic groups 
of stakeholders wlth an lnterest In a lead phaseout strategy While publlc 
meetlngs are useful for exchanging ~nformatlon, publlc hearlngs typically are 
more formal events held prlor to a speclfic declslon polnt In developing 
pollc~es and programs Publlc meetlngs are more effective ~f they are held 
early In the dec~s~on malung process and ~f the government makes clear the 
llnk between the meetlngs' Input and declslon malung If held too late In the 
process and not accompan~ed by other stakeholder lnvolvement opportunl- 
aes, stakeholders and the publlc may feel that thelr ideas and concerns will 
not be addressed A medla strategy IS important for effectlve public meetlngs 
to attract the w~dest poss~ble aud~ence Publlc educat~on materials (see 
Chapter 10) can be d~str~buted at a publlc meetlng 

Workshops These are des~gned as speclal meetings to Inform stakeholders 
and seek Input on a speclfic pollcy Issue or program They usually involve a 
relatively small group of people, requlre advance reglstratlon or invitation, 

and provlde an opportunity for people to partlclpate lntenslvely Typically, 
partlclpants work on specific issues or concerns and are usually sent materials 
In advance to prepare for the workshop They can be very useful for educating 
groups on technical lssues to enhance the~r ablllty to make informed dec~s~ons 
Input from workshops can be integrated Into the larger stakeholder involvement 
process 
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The Role Of Pubhc Awareness In Slovalua's Lead Phaseout 

Slovalua's successful phaseout of leaded gasoline was due to 
the use of an Incentive pol~cy, which was later comblned 
with a rapid phaseout approach to Influence consumer 
behavlor and to smooth the transition D~fferent programs 
were put In place to combine the lncentlve policy wlth 
regulations to ensure the reduction of lead content in 
gasoline, and to support the use and import of cars w ~ t h  
improved pollution characterlstlcs Slovalua only has one 
refinery (Slovnaft), which fac~l~tated the transltlon from the 
production of leaded to unleaded gasol~ne 

At the beginning of the phaseout program In 1988, Slovnaft 
Introduced a lubricant adltive ANABEXB 99, wh~ch helped 
ease the transltlon and achieve lead levels of 0 15 g/l by 1989 
(down from 0 25 gll) Beginning In 1993, the Slovaluan 
government enforced and made catalyt~c converters mandatory 
for both Imported and domestic cars And beglnn~ng m 1995, 
only unleaded gasoline was sold at service statlons These 
policies were accompanied by registration standards for new and 
Imported vehicles that included the 

Capability to use unleaded gasolme wlthout the use of 
lubr~cat~ng addltlves 

Presence of a three-way catalytic converter 

Age of Imported vehlcles manufactured in 1985 or later 

These lnitlatives were supported by strong lnformat~on 
campaigns that Informed and influenced consumers' behav- 
lor, and Involved them in the lead phasedown process This 
rigorous, multi-faceted approach helped to overcome the 
problem of old veh~cle fleets (most of whlch were over 15 years 
old) and the respective low turnover rates, thus glving the 
~ub l ic  an lncentlve to buy cars w ~ t h  catalytic converters (REC, 
1998) 
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